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The focus of this Ph.D. thesis research is a new piezoelectrically driven 
micromachined ultrasonic atomizer concept that utilizes fluid cavity resonances in the 1–
5 MHz range along with acoustic wave focusing to generate the pressure gradient 
required for droplet or jet ejection. This ejection technique exhibits low-power operation 
while addressing the key challenges associated with other atomization technologies 
including production of sub-5 µm diameter droplets, low-temperature operation, the 
capacity to scale throughput up or down, and simple, low-cost fabrication. This thesis 
research includes device development and fabrication as well as experimental 
characterization and theoretical modeling of the acoustics and fluid mechanics underlying 
device operation. The main goal is to gain an understanding of the fundamental physics 
of these processes in order to achieve optimal design and controlled operation of the 
atomizer. 
Simulations of the acoustic response of the system for various device geometries 
and different ejection fluid properties predict the resonant frequencies of the device and 
confirm that pressure field focusing occurs. High-spatial-resolution stroboscopic 
visualization of fluid ejection under various operating conditions is used to investigate 
whether the proposed atomizer is capable of operating in either the discrete-droplet or 
continuous-jet mode. The results of the visualization experiments combined with a 
scaling analysis provide a basic understanding of the physics governing the ejection 
process and allow for the establishment of simple scaling laws that prescribe the mode 
(e.g., discrete-droplet vs. continuous-jet) of ejection. In parallel, a detailed computational 
 xix 
fluid dynamics (CFD) analysis of the fluid interface evolution and droplet formation and 
transport during the ejection process provides in-depth insight into the physics of the 
ejection process and determines the limits of validity of the scaling laws. 
These characterization efforts performed in concert with device development lead 
to the optimal device design. The unique advantages enabled by the developed 
micromachined ultrasonic atomizer are illustrated for challenging fluid atomization 
examples from a variety of applications ranging from fuel processing on small scales to 
ultra-soft electrospray ionization of biomolecules for bioanalytical mass spectrometry. 
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CHAPTER 1   
INTRODUCTION 
 
Since the 1950s, the evolution of inkjet printing techniques has led to 
improvements in direct drop-on-demand (DOD) droplet formation and indirect droplet 
formation from capillary stream breakup.1 More recently, the utility of these technologies 
in a number of other applications has also been demonstrated. In addition to printing text 
and images onto porous surfaces, droplet production techniques are used in areas as 
diverse as biomedicine and biotechnology,2-7 mass spectrometry,8-14 fuel processing,15-17 
manufacture of multi-layer parts and circuits,18-20 and deposition of doped organic 
polymers, low-k dielectrics, and photoresist without spinning.21-25 In fact, these 
technologies can be utilized in any application requiring the production of monodisperse 
droplets using a repeatable and reliable process. Le1 has provided a detailed review of 
current DOD and continuous inkjet technologies classifying them by droplet formation 
mechanism. Although the continuous inkjet (stream of droplets) is capable of placing a 
single droplet in a desired location provided a suitable droplet deflection (trapping) 
system is used, most research efforts are currently focused on less complex DOD 
methods that do not require unused ink to be recycled. DOD techniques typically utilize 
thermal, piezoelectric, electrostatic, or acoustic actuation to effect droplet formation and 
ejection.1 Figure 1.1 illustrates the design and operation of common inkjet systems with 
those using piezoelectric actuation further classified based on the mode (e.g., bending, 






Figure 1.1. Common inkjet printing techniques: a) roof-shooter and side-shooter thermal inkjets, 
b) roof-shooter and side-shooter bending-mode piezoelectric inkjets, c) push-mode piezoelectric 
inkjet, and d) squeeze-mode piezoelectric inkjet. 
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Several existing inkjet techniques are successful in specific applications, but there 
are challenges associated with extending each to more general use. For example, the 
thermal inkjet method cannot be used with most biological samples due to thermal 
degradation2 and the possibility of a limited lifetime associated with burnout of the heater 
resistor. Implementation of piezoelectric inkjets in applications requiring a large array of 
nozzles is difficult due to increased power consumption,4 and displacement of a large ink 
volume is required to eject a droplet from a single orifice limiting the spatial density of 
the array elements.1 In addition to addressing the inherent challenges of each droplet 
generation method, the continued need for reliable production of ever decreasing droplet 
volumes calls for further development of inkjet technologies. Typical droplet and nozzle 
diameters range from 30 µm (113 pL) down to 10 µm (9 pL);26 however, certain 
applications, e.g., aerosol production for medical inhalation purposes, require that the 
droplet diameter is below 5 µm (65 fL).2 Further, in some cases droplet production at low 
temperature (e.g., biological applications) and with low power consumption (e.g., 
portable fuel processing) is important. Scalability of throughput, simplicity and 
robustness of operation, and low cost of fabrication are also desirable. 
The current research is focused on a new piezoelectrically driven, micromachined 
atomizer concept that utilizes fluid cavity resonances in the 0.5–5 MHz range combined 
with acoustic wave focusing for droplet generation or jet ejection. This technique is 
capable of addressing the key challenges associated with existing inkjet methods 
including the ability to produce droplets with sub-5 µm diameters, low-temperature and 
low-power operation, the capacity to scale throughput up or down by using an array, and 
simple, low-cost fabrication. This thesis research includes device development and 
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fabrication as well as experimental characterization and theoretical modeling of the 
acoustics and fluid mechanics underlying device operation. The main goal is to gain an 
understanding of the fundamental physics of these processes in order to achieve optimal 
design and controlled operation of the atomizer. 
Chapter 2 provides a detailed discussion of the atomizer concept, the device 
design, and the fabrication process. A comparison of the proposed droplet generation 
method with conventional techniques is provided to illustrate how this atomizer concept 
is capable of addressing the challenges associated with other atomization techniques.  
Fabrication issues that arose during the micromachining of the atomizer, including 
creation of the pyramidal nozzles that focus the acoustic waves and the nozzle orifices 
used for droplet/jet ejection, are presented along with solutions developed to resolve each 
of these problems. Two different designs of realized devices are described and evaluated 
based on ease of fabrication, robustness, and performance. 
Simulations of the acoustic response of the system for various device geometries 
and different working fluid properties are described in Chapter 3. Not only do these 
simulations confirm that pressure field focusing occurs, but they are also able to predict 
the resonant frequencies of the device as well as which of these frequencies result in the 
most efficient transfer of power from the piezoelectric transducer to the ejected droplets. 
High-spatial-resolution stroboscopic visualization of the ejection of different 
fluids under various operating conditions is presented in Chapter 4. The results of the 
visualization experiments combined with a scaling analysis of the fluid mechanics 
provide a basic understanding of the physics governing the ejection process and allow for 
the establishment of simple scaling laws that prescribe the mode (e.g., discrete-droplet vs. 
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continuous-jet) of ejection. In addition to predicting which ejection mode is expected at 
different operating frequencies, the visualization experiments elucidate other salient 
features of the ejection process. The variation in droplet diameter as a function of 
frequency of operation and the velocity of the ejected droplets as a function of the 
amplitude of the voltage signal driving the piezoelectric transducer are investigated. The 
mechanisms by which jet disintegration into droplets occurs are also discussed. 
In Chapter 5, a detailed computational fluid dynamics (CFD) analysis of the fluid 
interface evolution and droplet formation and transport during the ejection process is 
described to provide in-depth insight into the physics of the ejection process and to test 
the validity of the scaling laws. The volume of fluid (VOF) technique is used to track the 
free surface separating the fluid being ejected and the surrounding air during the creation 
of a stream of droplets or a single jet. The orifice size and frequency of operation are 
varied under controlled conditions resulting in a regime map which defines regions of 
discrete-droplet and continuous-jet mode of ejection, as well as the transition between 
these two distinct operation modes. The simulation results are compared with 
experimental data. Additional phenomena including the frequency dependence of the 
droplet diameter and the relationship between droplet velocity and the pressure wave 
amplitude are also studied using the CFD analysis. 
As was alluded to previously, a number of difficulties are associated with 
extending any droplet generation technique to more general use. To illustrate the breadth 
of application of this device, the ultrasonic atomizer investigated in this thesis has been 
employed in three different fields of application. Chapter 6 provides the details of this 
work. The device is shown to address the challenges associated with atomization of liquid 
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fuels for microscale fuel processing applications, generation of an aerosol for oral 
delivery of the measles vaccine, and electrospray production for the ion source of a mass 
spectrometer. In each case, results of proof-of-concept experiments are provided to 
confirm that the device is able to successfully perform these tasks. 
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CHAPTER 2   
DEVICE CONCEPT, DESIGN, AND FABRICATION 
 
The demand for a universal technology enabling reliable generation of droplets 
with diameters ranging from sub-5 µm to tens of microns necessitates further 
development of conventional inkjet devices as well as research into conceptually new 
atomization methods. Desired attributes of an atomization technique include: 
• High degree of control of the atomization process. The atomization technique 
needs to be able to generate monodisperse droplets with a high degree of control 
of droplet velocity and diameter down to sub-5 µm. 
• Low-temperature and low-power operation. Power transfer from the actuation 
mechanism to the ejected droplets must be efficient to reduce the required power 
input as well as minimize losses that can lead to device heating. 
• High dynamic range. The atomization technique must be capable of operation at 
low flow rates; however, individual droplet generation elements can be arrayed to 
meet high flow rate requirements. 
• Low cost. Device fabrication and assembly must be simple, and devices need to 
be robust. 
Several existing droplet generation methods perform well in specific applications, 
but none can achieve all of the desirables listed above. Squeeze-mode piezoelectric 
droplet generators are characterized by a high degree of control of the atomization 
process at low flow rates but are difficult to array.13,26-29 Air-assisted atomizers are unable 
to operate at low flow rates. Recently developed devices utilizing microfabrication 
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techniques promise the ability to achieve monodisperse droplet generation from flexible 
arrays that operate at low temperature and with low power consumption;2,4-6,21,22,24,25,30 
however, implementation of these techniques often requires complex fabrication methods 
leading to expensive and low-yield processes. The piezoelectrically driven, 
micromachined atomizer concept investigated in this thesis research addresses many of 
the challenging issues associated with existing devices. 
2.1 Review of Piezoelectric and Acoustic Droplet Generation Devices 
A number of piezoelectric and acoustic droplet generators are discussed in the 
literature. Zoltan29 was first to describe a squeeze-mode piezoelectric droplet generator. 
A concentric piezoelectric transducer or sleeve fitted to the outside of a glass capillary 
was used to generate an oscillating pressure gradient in a cylindrical cavity and eject the 
working fluid. Berggren et al.,13 Chen and Basaran,26 Switzer,28 and Kung et al.27 have 
used similar techniques to produce micron-sized droplets. Berggren et al.13 were able to 
produce individual 27 µm droplets or continuous streams of smaller droplets from a 20 
µm diameter capillary by increasing the amplitude of the pulse sent to the piezoelectric 
sleeve. Chen and Basaran26 used a glass capillary with a larger orifice diameter of 70 µm 
to produce droplets as small as 32 µm by manipulating the signal waveform driving the 
piezoelectric transducer. By varying the nozzle aperture size, the driving voltage of the 
piezoelectric, and the liquid pressure within the chamber, Switzer28 was able to produce 
droplets with diameters between 5 and 500 µm.  Between 250 and 300 V were required to 
initiate droplet ejection, but this was reduced to 20 to 30 V for continuous operation.  
Kung et al.27 successfully generated droplets as small as 3–4 µm in diameter from a 1 µm 
orifice. Although squeeze-mode piezoelectric devices provide repeatable ejection of 
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small quantities of liquid without requiring a pressurized fluid supply, they are difficult to 
array and are limited to low throughput (kHz frequency range) operation. 
Elrod et al.31 have proposed an interesting method of nozzleless droplet 
generation from the free surface of a liquid pool by applying the acoustic radiation 
pressure generated by highly localized tone bursts of energy that were focused using an 
acoustic lens. An experimental and theoretical analysis that shows the droplet size to be 
proportional to the wavelength of the incident acoustic waves was presented; thus, 
transducers operating at very high frequencies of up to 300 MHz were needed to eject 5 
µm diameter droplets. By patterning the electrode on the piezoelectric film driving a 
similar device, Kwon et al.32 were able not only to produce but also to control the 
trajectory of streams of 10 µm droplets ejected from the surface of a liquid pool. 
Fabrication of thin film piezoelectrics and development of driver electronics as well as 
requirements on orientation and precise fluid level control during operation, make this 
approach very complex, expensive, and rather impractical. 
The use of micromachining techniques enables micron-sized orifices to be made 
with a high degree of control while providing the flexibility to produce large arrays of 
uniform nozzles. Femtoliter-sized (~5 µm diameter) droplets were produced by de Heij et 
al.2 and Yuan et al.5,6 using bending mode piezoelectric transducers operating at up to 
200 kHz to actuate arrays of 5 µm diameter micromachined nozzles. Multiple trapezoidal 
cavities were created in silicon using an anisotropic wet etch in a potassium hydroxide 
(KOH) solution leaving 10–20 µm thick membranes. An array of nozzles was then etched 
through each of the membranes using deep reactive ion etching (DRIE).2 
 10 
By replacing the ink with fuel and adjusting some parameters of operation, Ederer 
et al.15,16 were first to use a piezoelectric DOD inkjet printhead to produce a combustible 
fuel-air mixture. Subsequent development of this concept yielded a fuel injector 
consisting of 38 nozzles with 50 µm diameter orifices that were arranged in concentric 
circles. 40–60 µm diameter droplets were generated at frequencies ranging from 500 to 
2800 Hz. 
Perçin et al.4,21,22,24,25,30 have presented a technique for ejecting liquids using a 
micromachined flextensional ultrasound transducer to excite the axisymmetric resonant 
modes in a clamped circular plate. The plate was made of silicon nitride that was 
deposited over an oxide layer on a silicon wafer using low pressure chemical vapor 
deposition (LPCVD).  DRIE was used to etch large (100 µm diameter) reservoirs through 
the back of the wafer up to the oxide layer. An isotropic etch was then used to open up 
the oxide behind the circular plates. Finally, dry plasma etching was used to create small 
orifices in the middle of the circular plates.30 As the plate vibrated, the pressure within a 
fluid reservoir was increased above atmospheric during part of the cycle. If this pressure 
was high enough to overcome fluid inertia and surface tension, a droplet was ejected.30 
Droplet ejection was demonstrated for a number of orifices including some as small as 4 
µm in a 100 µm diameter membrane driven at 3.45 MHz. 
Perçin and coworkers 4,21,22,24,25 have also developed a device where each ejection 
chamber was individually excited using annular piezoelectric elements deposited around 
the orifices on the surfaces of the vibrating circular plates.  They suggested that the 
excitation achievable in this configuration was too small to eject some fluids, but 
proposed that a combination of the bulk and local piezoelectric pumping could be used to 
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individually actuate droplet ejectors. Although readily scaled by arraying individual 
ejectors, the complexity of the fabrication processes required to create large-extent, thin 
membrane structures and multilayer films including thin film piezoelectrics limits 
practical application of this device. 
2.2 Proposed Atomizer Concept 
The proposed atomizer concept aims to satisfy each of the desirable attributes of 
an atomization technique by addressing the issues associated with existing droplet 
generation methods. Specific features with some that are unique to this concept include: 
• Ultrasonic actuation. Atomization at low flow rates is achieved through 
piezoelectrically driven ultrasonic actuation. 
• Resonant operation. Power consumption is reduced via operation at fluid cavity 
resonances which also leads to low-temperature operation. 
• Acoustic wave focusing. The liquid horn structure of the ejector element is 
exploited to achieve focusing of the acoustic waves. This produces a highly 
localized pressure gradient at the nozzle orifice, leading to a further reduction in 
power consumption and frictional heating. 
• Frequency matching. Efficient power transfer from the piezoelectric transducer 
to the acoustic waves in the ejection cavity is accomplished by matching the 
resonant frequency of the driving piezoelectric to the envelope of cavity 
resonances. 
• Scalability of throughput. A high dynamic range of operation is achieved 
through arraying of droplet generation elements. 
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• Low-cost, high-yield microfabrication. Machining costs are reduced by using a 
batch microfabrication process with only a few, simple steps. 
2.3 Device Design and Preliminary Modeling 
The proposed atomizer concept is realized in a device by 1) creating an array of 
resonant fluid cavities, 2) making each cavity focus acoustic waves when driven at 
appropriate resonant frequencies, and 3) selecting a piezoelectric transducer material and 
geometry for the most efficient operation in the desired (resonant) frequency range. This 
conceptual framework is used to design the droplet generator depicted in Figure 2.1. The 
device comprises a fluid reservoir that is formed between a bulk ceramic piezoelectric 
transducer and an array of liquid horn structures wet etched into single crystal silicon 
oriented with the (100) plane. The fluid chamber height and ejector plate thickness are 
dictated by a nominal 500 µm thickness standard silicon wafer. A number of horn shapes 
are capable of focusing acoustic waves; however, the pyramidal shape was chosen as it 
can be conveniently produced via anisotropic wet etching of single crystal (100) oriented 
silicon.33 The focusing horn is designed to terminate near the opposite side of the ejector 
plate. Depending on the fabrication process, the orifice is either created in bulk silicon or 
in a thin membrane as shown in Figure 2.1. This simple device design and the fabrication 
procedure described in Section 2.4 represent a significant improvement over the 
complexity inherent in other ultrasonic ejector designs.4,7,21,22,24,25,30,31 
The liquid horn structure, cavity size, and the speed of sound within the ejection 
fluid dictate the resonant frequencies and thus the operating frequencies of the device.34 








Figure 2.1. Schematic of the ultrasonic atomizer along with representative dimensions. The 
dimensions of the ejector are defined by the anisotropic character of the silicon. Depending on the 
fabrication process, the orifice is either created in bulk silicon or a thin membrane. 
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the piezoelectric transducer. The reported35 longitudinal acoustic wave velocity 
characteristic of this piezoelectric material allows for an estimation of the transducer 
thickness that is required to place the transducer resonance within the envelope of fluid 
cavity resonances. When the piezoelectric transducer is driven at the fundamental cavity 
resonant frequency or any of the higher cavity modes, a standing acoustic wave develops, 
and constructive interference in the pyramidal nozzle focuses the wave so that the peak 
pressure gradient occurs near the tip of the nozzle. Although the frequency at which this 
device operates most efficiently must match and is therefore dictated by the fluid 
chamber resonances for power-efficient operation, the geometry of the chamber can be 
readily modified to increase or decrease the driving frequency of operation (for example 
by increasing or decreasing the height of the cavity) according to desired specifications. 
The acoustic simulation package of the commercial finite element analysis code 
ANSYS36 is used to confirm the acoustic wave focusing by the horn-shaped nozzles at 
the selected fluid cavity resonances. Figure 2.2 is a plot of the electrical input impedance 
of the piezoelectric transducer as a function of frequency for a water-loaded device with 
the geometry shown in Figure 2.1. The peaks in the real component of the complex 
impedance indicate the resonant frequencies of the device, and among those, the 
frequencies that correspond to acoustic wave focusing are circled. The pressure fields 
within the fluid chamber at the first three cavity resonances are provided in Figure 2.3. In 
each case, the pyramidal nozzles focus the acoustic wave generating a highly localized 
pressure gradient near the nozzle tips. This is further illustrated in the inset of Figure 2.3 
which shows the pressure field in the center nozzle at a frequency of 1.62 MHz. The 




Figure 2.2. Predicted electrical input impedance as a function of transducer frequency for a 1 mm 
thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded device with a 
500 µm thick silicon ejector plate and a 500 µm thick spacer. The first three resonant modes 
corresponding to acoustic wave focusing are highlighted. 
 
Figure 2.3. Pressure fields within the fluid chamber of a water-loaded device driven at the first 
three resonant modes that result in acoustic wave focusing at the nozzle tips. The device 
comprises a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer with a 500 µm 
thick silicon ejector plate and a 500 µm thick spacer. 
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2.4 Device Fabrication 
Figure 2.4 depicts the baseline, two-mask fabrication process flow for an ejector 
array.34 It comprises two main steps: (1) the creation of an array of pyramidally-shaped 
horns and (2) the opening of precisely defined orifices at the tips of these horns. Each of 
these processes is further subdivided into the individual processing steps shown in Figure 
2.4. 
2.4.1 Baseline Fabrication Process 
In general, since the silicon wafer may be contaminated, dry organic cleaning is 
performed in an oxygen plasma using a reactive ion etcher (RIE), or the silicon wafer is 
 
 
Figure 2.4. Baseline ejector fabrication process: a) wafer preparation, b) deposition of silicon 
nitride (Si3N4) to act as a mask during the wet etch, c) photo-lithography of base pattern, d) Si3N4 
reactive ion etch (RIE) to form the base of the nozzle, e) formation of a pyramidal nozzle in 
single crystal (100) oriented silicon by anisotropic wet etch in a potassium hydroxide (KOH) 
solution, f) photo-lithography of orifice pattern, g) creation of the orifice in the silicon using a 
deep reactive ion etch (DRIE), and h) removal of photoresist. 
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dipped in a 4:1 solution of 98% sulfuric acid (H2SO4) and 30% hydrogen peroxide(H2O2) 
to remove photoresist residue and oil from its surface before beginning fabrication. 
Approximately 1 µm of silicon nitride (Si3N4) is deposited over the entire silicon 
wafer using plasma enhanced chemical vapor deposition (PECVD) in a Surface 
Technology Systems (STS) Multiplex CVD (Figure 2.4b). The etch rate of Si3N4 in 
potassium hydroxide (KOH) is negligible so this layer acts as a protective mask during 
the wet etch of the pyramidal nozzles. Nitride deposition occurs at a rate of ~330 Å/min 
as silane (SiH4) and ammonia (NH3) react in a radio frequency (RF) induced plasma to 
form Si3N4 on the silicon surface. 
An array of squares with side length equal to that of the base of a pyramidal 
nozzle is defined on the back side of the wafer using standard photo-lithography 
techniques (i.e., spin coating, pattern exposure, and feature development) and then dry-
etched through the Si3N4 masking layer in a Plasma-Therm SLR Series dual ICP using 
the RIE process (Figures 2.4c and 2.4d). The RIE of the Si3N4 consists of etching in a 
tetrafluoromethane (CF4) environment at an etch rate of ~2000 Å/min. The anisotropic 
nature of the KOH etch yields features with slanted sidewalls at an angle of 54.74° to the 
surface of a single crystal silicon wafer oriented with the (100) plane (Figure 2.4e); 
therefore, for a nominal 500 µm wafer thickness, each side of the square feature 
representing the base of a nozzle must be approximately 700 µm in order to form a 
pyramid that terminates before etching through to the opposite side of the wafer. The wet 
etch occurs in a 45 weight-percent solution of KOH in water at a temperature of 75°C. 
Under these conditions, the etch rate is approximately 0.5 µm/min; however, the etch rate 
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decreases as the etch nears the opposite side of the wafer yielding a total etch time of 18–
20 hours. 
After completion of the KOH wet etch, standard photo-lithography techniques are 
used to define the size and shape of the nozzle orifices and to locate them on the opposite 
side of the wafer (Figure 2.4f). The orifices are then etched through the bare silicon using 
a deep reactive ion etch (DRIE) in a process similar to that used to create the square 
features representing the nozzle base array (Figure 2.4g). 
2.4.2 Improved Fabrication Process 
Even though the diameter of the nozzle orifices is dictated by the frontside 
lithography and DRIE in the baseline fabrication process, the high degree of variability 
associated with the anisotropic wet etch of silicon does not allow for control of the length 
of the channels located in the silicon at the tips of the nozzles, and this has a significant 
effect on the performance of the device. To improve process control and to reduce the 
influence of the wet etch, the baseline process is modified as shown in Figure 2.5. 
As in the baseline process, 1 µm of Si3N4 is deposited on the back side of the 
wafer using PECVD in a Surface Technology Systems (STS) Multiplex CVD. A Unaxis 
790 Series PECVD is then used to deposit a 2 µm layer of Si3N4 on the opposite (front) 
side of the wafer to serve as an etch stop for the wet etch, which is designed to leave thin 
membranes at the tips of the nozzles (Figure 2.5b). The deposition rate in the Unaxis 
PECVD is only ~80 Å/min; however, this machine allows the ratio of helium (He) to 
nitrogen (N2) in the ambient to be adjusted to control the stress in the resulting nitride 




Figure 2.5. Final ejector fabrication process: a) wafer preparation, b) deposition of silicon nitride 
(Si3N4) to act as a mask during the wet etch and as a membrane for orifice creation, c) photo-
lithography of base pattern, d) Si3N4 reactive ion etch (RIE) to form the base of the nozzle, e) 
formation of a pyramidal nozzle in (100) oriented silicon by anisotropic wet etch in a potassium 
hydroxide (KOH) solution, f) photo-lithography of orifice pattern, g) creation of the orifice in the 
nitride membrane using RIE, and h) tungsten deposition to strengthen the nitride membrane. 
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The size of the pyramidal nozzles is dictated by etching an array of squares in the 
Si3N4 masking layer. Figure 2.5d provides an optical microscope image of bare silicon 
squares separated by silicon nitride lines indicating that the nitride has etched completely 
through. The anisotropic KOH etch is again used to form the pyramidal nozzles; 
however, now the size of the square feature representing the base of a nozzle is increased 
so that the KOH solution etches the silicon completely and reaches the nitride layer on 
the front side of the wafer. The nitride lattice present on the back side of the wafer after 
the wet etch is shown in the optical microscope image in Figure 2.5e; the membranes are 
also seen as slightly brighter regions at the center of the black squares which indicates 
that the silicon etch is complete and reaches the nitride layer at the opposite side of the 
silicon wafer. 
After completion of the KOH wet etch, the nozzle orifices are patterned on the 
opposite (front) side of the wafer at the center of the nitride membranes (Figure 2.5f). 
The orifices are then etched through the membranes using the RIE process (Figure 2.5g) 
in the same way as the square features representing the nozzle base array (Figure 2.5d). A 
5 µm orifice located in the center of an 11 µm membrane is shown from the back side in 
the optical microscope image in Figure 2.5g. By controlling the size of the pyramid 
bases, the membranes are made only slightly larger than the orifices so that they are very 
rigid; yet, a CVC Model 601 DC sputterer is used to deposit a 0.5 µm thick layer of 
tungsten over the front side of the ejector to further strengthen the membranes and to 
ensure that they do not break during operation (Figure 2.5h). A 300 Å seed layer of 
titanium is necessary to ensure that the tungsten layer has good adhesion to the nitride. 
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The sputtering process leaves a fairly conformal coating on the ejector orifices, and it 
effectively reduces the diameter of the orifices by the thickness of the tungsten layer. 
2.4.3 Photomask Layout 
The two-step fabrication process requires one photomask for creating the base 
pattern for the pyramidal nozzle array and a second mask for defining the orifices on the 
opposite side of the wafer. Figure 2.6 shows the layout for each of these masks. Note that 
the dark areas in Figure 2.6 represent open areas on the masks. The masks are designed 
such that six devices are created from a single 100 mm (4”) diameter silicon wafer. 
Although not present on the actual masks, the wafer outline is shown in Figure 2.6 for 
reference. Because some of the photo-lithography steps require that the wafer is held at 
its center, this space is not used for device fabrication. 
Three mask features are used specifically for alignment purposes. The first is a 
line located at the bottom of the backside mask that is used to align the square base array 
to the primary wafer flat and thus to the (110) plane of the silicon wafer. Alignment of 
the orifices to the membranes located at the tips of the pyramids is accomplished using 
the coarse and fine alignment marks. Although a frontside alignment technique is 
currently used, the fine alignment marks are located such that backside microscopes 
could be used to perform a backside alignment if necessary. Specifics of the frontside 
alignment procedure are discussed in Section 2.4.5. 
After completion of the fabrication process, the wafer is diced to yield six ejector 
plates. Figure 2.7 provides photographs of the front and back sides of a nozzle array that 




Figure 2.6. Back and frontside photomasks: a) backside mask used to define the size and location 
of the array of squares representing the bases of the pyramidal nozzles and b) frontside mask used 
to define the size and shape of the orifices and to locate them at the tips of the pyramids. 
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Figure 2.7. Photographs of the front (left) and back (right) sides of a completed ejector plate. 
side, and hosts the 20x20 array covering an area of approximately 15x15 mm. During the 
RIE of the orifices, an identification number representing the nominal orifice size is also 
etched through the nitride so that individual devices are easily identified. Although it is 
difficult to distinguish in Figure 2.7, a small “09” is located in the lower left-hand corner 
of the front face of the device. The nozzle array shown in Figure 2.7 was created using 
the improved fabrication process described above. In the course of the development of 
this fabrication process, a number of technical issues have been addressed both with 
creation of the pyramidally-shaped nozzles and opening of the nozzle orifices, 
particularly the alignment of the orifices etched from the front side to the tips of the 
pyramids etched from the back side. 
2.4.4 Creation of the Pyramidally-Shaped Nozzle Array 
In the first version of the fabrication process, the ejector orifices were opened up 
naturally by etching completely through the silicon wafer in the KOH solution;34 
however, despite the attractive simplicity of this method, the through-wafer KOH wet 
etch yields inconsistent results with respect to the nozzle orifice size as the etch rate of 
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the silicon is difficult to control and there are a number of issues associated with 
alignment. Figure 2.8 provides a general overview of challenges associated with precise 
feature creation in (100) oriented silicon using a solution of KOH in water. In order for 
the mask to accurately prescribe the size of the pyramids in the nozzle array, the square 
features representing the bases of the pyramids must be perfectly aligned to the (110) 
plane of the silicon. This is accomplished by aligning the entire mask to the primary 
wafer flat using the line located at the bottom of the backside mask shown in Figure 2.6. 
The tolerance for the primary wafer flat is ±1° to the (110) plane so even if the mask is 
perfectly aligned, the size wactual of the resulting feature will be larger than the desired 
size wmask as shown in Figure 2.8a.
33 Because the etch rate R<111> in the <111> direction 
is not truly zero, the (111) plane etches slightly during a through-wafer etch (Figure 
2.8b). The resulting under-etch of the nitride layer compounds the problems associated 
with alignment and causes further enlargement of the features; therefore, the size of the 
orifices created using the KOH etch alone cannot be controlled with satisfactory 
precision, and a second mask is needed to create orifices of a precise diameter. 
 
 
Figure 2.8. Anisotropic etching of (100) oriented silicon in a potassium hydroxide (KOH) 
solution: a) effect of misalignment of the primary wafer flat to the <110> direction and b) 
preferential etching of the (100) plane as compared with the (111) plane. 
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As discussed previously, a square feature with side length of approximately 700 
µm should ideally create a pyramid that just reaches the opposite side of a 500 µm thick 
(100) oriented single crystal silicon wafer without opening a through hole; however, due 
to the practical issues described above, the resulting pyramids actually terminate at the 
nitride etch stop layer forming a square membrane that is approximately 5–10 µm on a 
side. Since a single backside mask is used to create the pyramidal nozzle array for 
devices with a range of orifice sizes, the side length for the square features representing 
the nozzle base array is designed to be 700 µm. This allows the size of the nitride 
membranes created on the front side of the wafer upon completion of the wet etch to be 
dictated by the thickness of the silicon wafer, which can vary from 475–525 µm. Due to 
the under-etch of the nitride layer during the KOH etch, the pitch of the nozzles is set at 
750 µm. The 50 µm spacing between nozzles ensures that no neighboring nozzles come 
into contact during the etch. 
2.4.5 Opening of the Orifices 
A second mask is used to open up the orifices at each nozzle termination point 
allowing for greater control of the orifice size and shape. Initially, a backside alignment 
technique was used to locate the nozzles. After performing the anisotropic wet etch, an 
image of the back side of the wafer was captured using backside microscopes on a Karl 
Suss MA-6 mask aligner. The frontside mask was then aligned to this image to properly 
place the orifices. Unfortunately, the mask aligner could shift the image by as much as 30 
µm. Sometimes the alignment was successful but this was unpredictable. The devices 
could not be used if the orifices were misaligned significantly. 
 26 
When using the backside alignment technique, the alignment marks were 
protected during the wet etch because the KOH solution would significantly alter the fine 
alignment features after an extended exposure time. In order to avoid this problem, the 
alignment marks were modified to take advantage of the anisotropic nature of the wet 
etch. The alignment marks on the current backside mask consist of two arrays of square 
features. The first set shown in Figure 2.6 is used for coarse alignment, and the second set 
is used for fine alignment. The square features in the first array are large enough so that 
the KOH solution etches completely through the wafer leaving four large 300x300 µm 
nitride membranes that are visible from the frontside of the wafer. The side lengths of the 
square features in the second set of fine alignment marks range in size from 685 to 735 
µm in 5 µm increments; therefore, after the wet etch, a set of nitride membranes that 
ranges in extent from a maximum of 20–30 µm down to sub-5 µm is created on the 
opposite side of the wafer. During alignment, the sets of large membranes on the left and 
right side of the wafer are first centered in the large open windows on the frontside mask. 
The smaller membranes are then aligned to match concentric square features making up 
the fine alignment marks on the frontside mask. One of the four large membranes is 
shown in its aligned position in Figure 2.9a. Figure 2.9b shows four of the smaller 
membranes aligned with the fine alignment marks. Note that these images were taken 
after the final etch step so the alignment features have been dry etched into the front side 
of the wafer. 
In the baseline, two-step fabrication process, the wet etch was designed to 




Figure 2.9. Frontside alignment features: a) rough alignment features and b) fine alignment 
features in aligned position. 
the remaining silicon using an RIE, and a short channel was created at the tips of the 
pyramidal nozzles. In this case, it was not possible to tell if the orifices were properly 
aligned until after the RIE was completed. Locating the orifices in thin membranes 
alleviates some of the alignment issues (i.e., if the orifice is not aligned properly, it is 
possible to see that it is misaligned before etching); however, it introduces problems 
associated with the structural integrity of the nozzle array. If the size of the orifice is not 
well matched to that of the membrane or if the membrane is large in extent as compared 
to the orifice size, the membranes may break during device operation at high power input. 
Figure 2.10 provides optical microscope images of an array of broken nitride membranes 
observed from the backside of a wafer. In all cases, failure appears to occur at the edges 
of the membranes. Note that in this case the orifice size was well matched to that of the 
membrane, but the device was driven at a much higher power input level than was 
necessary for ejection. 
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Figure 2.10. Broken nitride membranes: a) array of four broken membranes and b) high 
resolution optical microscope image of a single broken membrane. 
2.4.6 Comparison of Realized Devices 
Depending upon the thickness of the wafer, the improved (final) fabrication 
process described in Figure 2.5 yields devices with orifices located either in nitride 
membranes or in bulk silicon at the tips of the pyramidal nozzles. Figure 2.11 provides 
scanning electron microscope (SEM) images of devices created both with and without 
membranes. A ~480 µm thick wafer was used to create the device shown in Figure 2.11a. 
After the KOH wet etch, an array of 15.5 µm diameter orifices was etched through the 
resulting 2.5 µm thick, 26 µm wide square nitride membranes. The device shown in 
Figure 2.11b was created using a ~500 µm thick wafer. The tips of the resulting pyramids 
terminated 1–2 µm before reaching the membrane layer at the front side of the wafer. 
After using an RIE to etch through the nitride layer, a DRIE process was performed to 




Figure 2.11. Scanning electron microscope (SEM) images of devices fabricated with and without 
membranes: a) 15.5 µm diameter orifice created in a 2.5 µm thick, 26 µm wide square silicon 
nitride (Si3N4)/tungsten membrane and b) 6 µm orifice etched through bulk silicon. 
As was mentioned earlier, there are advantages and disadvantages associated with 
each of these fabrication sequences and resulting device structures. The biggest 
advantage of not having a membrane is increased robustness of the nozzle plate. 
Figure2.11 also indicates that the tips of the pyramids created in devices without 
membranes comes to a sharper point which may improve focusing of the acoustic waves 
and increase the resulting pressure gradient at the nozzle orifices; however, the 
introduction of even a very short channel significantly increases the pressure drop which 
needs to be overcome to enable fluid ejection and this may offset any acoustic wave 
focusing benefit. 
High resolution SEM images of a 4.5 µm diameter orifice etched in an 11 µm 
wide square membrane are shown in Figure 2.12. The cross section shown in Figure 
2.12a indicates that the nitride and tungsten layers have uniform thicknesses of 2.0 and 
0.5 µm, respectively; however, the tungsten deposited on the walls of the orifice appears 
to increase the surface roughness significantly and could have an impact on the ejection 




Figure 2.12. Scanning electron microscope (SEM) images of a 4.5 µm diameter orifice in a 2.5 
µm thick, 11 µm wide square silicon nitride (Si3N4)/tungsten membrane: a) cross section and b) 
view from the back side of the device. 
 
Figure 2.13. Scanning electron microscope (SEM) image of the silicon nitride(Si3N4)/tungsten 
membrane. 
Figure 2.12b shows the orifice to be well-aligned close to the center of the membrane. It 
also indicates that the tungsten layer decreases the diameter of the orifice by 
approximately 0.5 µm. Figure 2.13 provides a closer look at the structure of the nitride 
membranes. The nitride layer appears to be highly amorphous whereas the tungsten layer 
appears to have a grainy structure which could indicate a lower quality film. 
High resolution SEM images of a 6 µm orifice created in bulk silicon are shown 
in Figure 2.14. Again, the surface roughness of the channel formed in the silicon is high; 
 31 
however, the side walls of the orifice in the nitride layer appear smooth. The channel 
roughness is due to the DRIE process. Deep reactive ion etching utilizes the Bosch 
process to alternate between an etch step and deposition of a protective polymer layer. 
Each cycle of the process removes approximately 0.5 µm of silicon which causes the 
sidewalls to become scalloped at this interval as seen in Figure 2.14a. The view from the 
back side of the device shown in Figure 2.14b indicates that the orifice is almost perfectly 
centered on the tip of the pyramid. It also appears that the transition from the pyramidal 
horn to the nozzle orifice is not smooth because the surface has been roughened by 
DRIE-induced scalloping. 
2.5 Concluding Remarks and Discussion of Future Design Work 
In this chapter, the proposed droplet generation concept has been shown to 
address the challenges associated with conventional atomization techniques. A high 
degree of control of the atomization process with low-power and low-temperature 
operation is achieved with a flexible, low-cost device. Two device designs have been 
fabricated, and both successfully meet the desirable attributes of an atomization technique 
 
 
Figure 2.14. Scanning electron microscope (SEM) images of a 6 µm diameter orifice created in 
bulk silicon: a) cross section and b) view from the back side of the device. 
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for any operating fluid. The devices perform well in ejection of typical low viscosity, 
high surface tension fluids such as water. Successful operation has also been 
demonstrated using higher viscosity (up to ~50 cp) mixtures of glycerol and water and 
low surface tension (0.025 N/m) methanol; however, ejection of each of these fluids 
presents challenges that may require refinement of the ejector design. 
Low surface tension liquids tend to weep from the nozzle orifices and cover the 
front surface of the device, thereby hindering ejection. By modifying the surface 
properties of the ejector, e.g., coating the top surface with a hydrophobic material 
(Parylene C), this problem has been reduced but not eliminated. Characterization of 
additional surface materials should be conducted, and if weeping cannot be controlled, it 
may be necessary to change the design of the nozzle orifice. For example, Luginbuhl et 
al.12 created nozzles with a ring-shaped lip in order to minimize the weeping effect. 
Ejection of high viscosity liquids requires generation of a larger pressure gradient 
near the nozzle tip to overcome significant viscous losses at the orifice. By fabricating the 
orifices in thin nitride membranes, the input power requirement is reduced; however, the 
likelihood of the membranes breaking during device operation is increased. This issue 
needs to be analyzed in greater detail to find the best compromise between device 
robustness and power consumption. 
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CHAPTER 3   
SIMULATION OF DEVICE OPERATION 
 
The acoustic simulation package of the commercial finite element analysis code 
ANSYS36 is used to predict the frequencies of the device resonances and at which of the 
resonant frequencies acoustic pressure field focusing occurs within the fluid cavity 
formed by the fluid reservoir and nozzle array. The simulations also yield an estimate of 
the fraction of the electrical input power to the piezoelectric transducer that is imparted to 
the fluid upon ejection; therefore, the simulations not only confirm the behavior of the 
acoustic wave focusing horn, but are also used to identify the resonant frequencies and 
desired geometry for optimum device operation. 
3.1 Problem Setup 
 The problem solution is obtained using a harmonic response analysis over the 
frequency range (0.3–2.8 MHz) of interest. The pressure field generated in the fluid 
chamber by the periodic excitation of the piezoelectric transducer, and its interactions 
with the silicon spacer and ejector plate are simulated. It is assumed that all loads and 
displacements vary sinusoidally at the same known frequency. Using the default solver 
options, the harmonic response analysis is used to solve the second order (in time) 
equations of motion governing the structural response of the silicon and the acoustic 
response of the fluid chamber, and the mixed order (e.g., electrical and structural) 
equations governing the dynamics of the piezoelectric transducer.36 This analysis is 
accurate because only a small amount of energy is transferred to the ejected fluid, leaving 
the linear acoustic field mostly unperturbed. 
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3.1.1 Simulation Domain 
The ejector simulations are performed for the two-dimensional (2-D) and three-
dimensional (3-D) domains shown in Figures 3.1 and 3.2, respectively. For simulations 
performed in the 2-D domain, the thickness tSi of the silicon ejector plate and the width 
wpiezo of the piezoelectric transducer are set to 500 µm and 24 mm, respectively. The 
thickness tspacer of the silicon spacer dictates the height of the fluid cavity and therefore its 
resonant frequencies. Simulations are performed for spacer thicknesses of 0.5, 0.63, and 
1.5 mm which correspond to an envelope of resonant frequencies ranging from 0.47 to 
2.40 MHz. The thickness tpiezo of the piezoelectric transducer is chosen such that its first 
longitudinal resonance lies within this frequency range. Specifically, transducer 
thicknesses of 1 and 2 mm corresponding roughly to resonances at 2.25 and 1.12 MHz, 
respectively, are used in the simulations. Since the thickness of the silicon ejector plate is 
the same for all of the simulations, the width wbase of the base of the triangular nozzles is 
used to dictate whether or not the nozzles terminate in a membrane or a channel (insets, 
Figure 3.1). A base width of 705 µm yields a 5 µm long, 5 µm wide channel at the tips of 
the nozzles. An increased base width of 720 µm results in 13 µm wide nitride 
membranes. The diameter do of the nozzle opening is 5 µm for all cases. 
As shown in Figure 3.1, a variable density mesh is used so that the pressure wave 
focusing close to the nozzle orifice can be properly resolved. A convergence study was 
conducted to ensure that the results are independent of the mesh size. Regardless whether 
a channel or membrane structure at the nozzle tip is simulated, the mesh density ranges 









Figure 3.1. Two-dimensional (2-D) computational domain used to perform simulations of the 
harmonic response of the system using ANSYS.36 
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Figure 3.2. Three-dimensional (3-D) computational domain used to perform simulations of the 
harmonic response of the system using ANSYS.36 
transducer to 750 elements per mm at the nozzle orifice. The element types coupled-field 
solid (PLANE13), bulk fluid (FLUID29 (KEYOPT (2) = 1)), structural interface fluid 
(FLUID29 (KEYOPT (2) = 0)), structural solid (PLANE82) and shell membrane 
(SHELL99) are discussed in subsequent sections of this thesis. 
Because the simulations performed in the 3-D simulation domain are only used to 
confirm that the acoustic wave focusing predicted by the 2-D simulations accurately 
represents that of the actual device, 3-D simulations are conducted for a single device 
geometry. The thickness tSi of the silicon ejector plate and the thickness tspacer of the 
spacer are set to 500 µm, and the thickness tpiezo of the piezoelectric transducer is set to 1 
mm. The 3-D domain represents one-quarter of the actual nozzle so the side length of the 
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square piezoelectric element is set to 395 µm, which is half of the nozzle pitch P. The 
half-width of the nozzle is set to 375 µm, which results in a membrane that has a half-
width of 20 µm. The radius ro of the nozzle opening is set to 2.5 µm. 
Again, a variable density mesh is used to resolve the pressure wave focusing close 
to the nozzle as shown in Figure 3.2. The mesh density ranges from 25 elements per mm 
at the bottom surface of the piezoelectric transducer to 1000 elements per mm at the 
nozzle orifice. The element types coupled-field solid (SOLID98), bulk fluid (FLUID30 
(KEYOPT (2) = 1)), structural interface fluid (FLUID30 (KEYOPT (2) = 0)), and 
structural solid (SOLID45) are discussed in subsequent sections of this thesis. 
3.1.2 Modeling the Piezoelectric Transducer 
The lead zirconate titanate (PZT-8) material comprising the piezoelectric 
transducer is characterized by a coupling of structural and electric fields; therefore, the 
piezoelectric material deforms under an applied voltage, and an applied displacement 
generates a potential difference. The coupled-field behavior of the piezoelectric material 
is described by the strain-charge form of the constitutive equations given by 
EdTsS E ⋅+⋅=
t  and (1) 
EεTdD T ⋅+⋅= . (2) 
Equations (1) and (2) define how the stress T, strain S, charge-density displacement D, 
and electric field E of the material interact.37 The piezoelectric strain matrix d contains 
the piezoelectric coupling coefficients, sE is the compliance matrix, and εT is the electric 
permittivity matrix. 
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PZT-8 is transverse isotropic, i.e., the material properties in the unpolarized 
directions are the same and differ from those of the polarized direction; therefore, only 























































= , (4) 
where Ep and νp are the Young’s modulus and Poisson’s ratio, respectively, in the 
unpolarized x-y symmetry plane, Ez and νzp are the Young’s modulus and Poisson’s ratio 
in the polarized z-direction, and Gzp is the shear modulus in the polarized z-direction. In 
addition to these five material properties, the permittivity matrix εΤ and the piezoelectric 
strain matrix d characteristic of PZT-8 are needed to model the piezoelectric transducer. 
All necessary piezoelectric material properties are obtained from APC International, 
Ltd.35 The properties of PZT-8 used in the ANSYS simulations are found in Table A.1 of 
Appendix A. 
Details of the simulation of the piezoelectric material in ANSYS are given in 
Appendix B; however, a brief description of the method by which the electrical input 
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impedance of the piezoelectric transducer is obtained is provided here. The piezoelectric 
transducer is modeled using 2-D PLANE13 or 3-D SOLID98 coupled-field elements with 
voltage and displacement in the x- and y- (and z- for SOLID98) directions as degrees of 
freedom (DOF). These elements carry out field coupling by calculating the appropriate 
element matrices (using matrix coupling) directly in a single iteration.36 For a 2-D 
harmonic response analysis, ANSYS provides voltage and displacement, along with 
displacement current per unit depth iANSYS as outputs.
36 The sum of the nodal 
displacement currents at the top face of the transducer is converted to the true current 
ipiezo flowing through the piezoelectric transducer using the following relation: 
ANSYSpiezopiezo idji ω= , (5) 
where j = (-1)1/2, ω is the angular frequency, and dpiezo is the depth of the piezoelectric 
element. The electrical input impedance is then given by 
piezoi
V
Z = , (6) 
where V is the voltage applied to the top surface of the piezoelectric transducer. 
3.1.3 Modeling the Fluid 
It is assumed that within the cavity the mean flow of the ejection fluid is 
vanishingly small and that the fluid is compressible and inviscid. The momentum and 
















where c is the speed of sound in the fluid, P is the acoustic pressure (P(x, y, (z),  t)), and t 
is time. Since viscous dissipation is neglected in the derivation of Equation (7), there is 
no damping of the acoustic waves in the bulk fluid. 
If damping is required, ANSYS allows a boundary absorption coefficient, β = 
r/ρoc, to be specified at the fluid-structure interface.36 The boundary absorption 
coefficient is used along with the mean fluid density ρo and the speed of sound in the 
fluid to calculate a characteristic impedance r of the material at the boundary. The 
characteristic impedance is used in a term that is added to Equation (7) to account for 
dissipation of energy due to damping. To complete the analysis of the fluid-structure 
coupling, a fluid pressure load vector is added to the structural equation of the solid at the 
interface. The fluid is modeled using 2-D FLUID29 or 3-D FLUID30 acoustic fluid 
elements. For a harmonic response analysis, ANSYS provides the acoustic pressure, the 
pressure gradient computed using nodal pressure values, and the fluid acoustic particle 
velocity as outputs.36 The properties of water, methanol, and kerosene used in the 
ANSYS simulations are found in Table A.2 of Appendix A.38-42 Further details of the 
simulation of the bulk and structural interface fluids in ANSYS are given in Appendix B. 
3.1.4 Modeling the Silicon Spacer and Ejector Plate 
The spacer and ejector plate are made of silicon, which is treated as a linear, 
isotropic material. Stress is related to strain by Hooke’s law given by 
ScT E ⋅= , (8) 
where as before, T is the stress, S is the strain, and cE is the elasticity matrix.
43 For an 
isotropic material, only the Young’s modulus E and the major Poisson’s ratio ν are 
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required to completely define the elasticity matrix which is the inverse of the compliance 






















EE sc . (9) 
As mentioned above, a fluid pressure load vector is added to the analysis of structural 
elements located next to fluid elements. The properties for silicon and silicon nitride 
(Si3N4) used in the ANSYS simulations are found in Table A.3 of Appendix A.
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2-D 8-node PLANE82 or 3-D SOLID45 structural solid elements are used to 
model the silicon spacer and ejector plate. PLANE82 elements provide increased 
accuracy for mixed (quadrilateral-triangular) meshes and are able to handle irregular 
shapes.36 
3.1.5 Modeling the Nitride/Tungsten Membrane in the Three-Dimensional Domain 
Because the thickness of the nitride/tungsten membrane is small compared to its 
lateral extent, it is modeled using shell elements in the 3-D simulations. These elements 
provide a 2-D representation of the 3-D structure. SHELL99 linear layered structural 
shell elements are used to model the membrane because they are appropriate for 
membranes comprising multiple layers. 
3.1.6 Boundary Conditions 
The AC voltage signal driving the piezoelectric transducer is applied to the top 
surface of the piezoelectric, and the bottom surface is held at 0 V. A zero vertical 
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displacement boundary condition is applied to the top surface of the silicon ejector plate, 
and the pressure at the lines (2-D domain) or surfaces (3-D domain) representing the 
nozzle orifices is set to zero. For the 3-D simulation, a symmetry boundary condition is 
used on all vertical surfaces external to the simulation domain; therefore, the model 
represents an ejector with an infinite number of nozzles. 
3.2 Model Validation 
Validation of the ANSYS simulations is achieved through a comparison of the 
predicted and measured electrical input impedances of an unloaded (Figures C.1 and C.2 
of Appendix C) and water-loaded (Figures 3.3 and 3.4) device. The device used in the 
measurement of the electrical input impedance comprises a 1 mm thick, 24x28 mm2 
piezoelectric PZT-8 transducer, a 495 µm thick, 24x24 mm2 silicon ejector plate 
containing a 20x20 array of nozzles with 5 µm diameter orifices etched in 2 µm thick, 11 
µm wide square membranes, and a fluid reservoir bounded by a 630 µm thick, 24 mm 
wide spacer with a 2 mm wide sidewall. The 2-D domain used to model this device 
consists of a 1 mm thick, 24 mm wide transducer, a 495 µm thick silicon ejector plate 
containing an array of 15 nozzles with 5 µm orifices, and a 630 µm thick, 24 mm wide 
spacer with a 2 mm wide sidewall. The base of the nozzles is 710 µm wide, which yields 
11 µm wide, 2 µm thick nitride membranes at the nozzle tips. 
Measurements of the electrical input impedance of the device described above 
were made using a network analyzer (Agilent Technologies, Inc., Model 8753 ES). 
Although some small discrepancies between the predicted and experimentally-determined 




Figure 3.3. Experimentally-determined electrical input impedance as a function of driving 
transducer frequency for a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer 
driving a water-loaded device with a 495 µm thick silicon ejector plate and a 630 µm thick 
spacer. 
 
Figure 3.4. Predicted electrical input impedance as a function of driving transducer frequency for 
a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded 
device with a 495 µm thick silicon ejector plate and a 630 µm thick spacer. 
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the water-loaded device match measurements remarkably well. The liquid horn 
resonances are predicted at frequencies of 0.86, 1.46 and 2.10 MHz (labeled 1, 2, and 3). 
Indeed, successful ejection of water from an array of 5 µm nozzle orifices has been 
demonstrated over a narrow range of frequencies near 0.90 and 1.45 MHz and over a 
broader frequency range near the third cavity resonance between 1.95 and 2.10 MHz. In 
addition, the ANSYS simulations allow one to identify the longitudinal resonance Rp of 
the piezoelectric transducer at approximately 2.30 MHz. A number of other weaker 
resonances that partition energy to different vibrational modes are also predicted in 
Figure 3.4; however, it is not possible to state with certainty that they correspond to 
particular resonances shown in Figure 3.3 because, unlike operation at resonances 
corresponding to acoustic wave focusing, no observable change in device operation 
occurs at these frequencies. 
3.3 Baseline Acoustic Response of a Water-Loaded Device 
Although successful device operation has been demonstrated for a number of 
fluids, e.g., water, methanol, kerosene, and water-glycerol mixtures, simulation results 
obtained using water as the ejection fluid are used to establish a baseline for the acoustic 
response of the structure over the frequency range 0.3–2.8 MHz. The 2-D computational 
domain for the model consists of a 1 mm thick, 24 mm wide piezoelectric PZT-8 
transducer, a 500 µm thick silicon ejector plate containing 15 nozzles, and a fluid 
reservoir bounded by a 500 µm thick, 24 mm wide spacer with a 2 mm wide sidewall. 
The base of the triangular nozzles is 750 µm wide, which corresponds to a 40 µm wide, 2 
µm thick nitride membrane with a 5 µm orifice located at the tips of the nozzles. 
Although this baseline simulation is performed for an ejector with nozzles that terminate 
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at thin nitride membranes, the form of the nozzle termination (short channel vs. thin 
membrane) does not noticeably affect the acoustic response of the system as discussed in 
Appendix D. The amplitude of the AC voltage signal input to the piezoelectric transducer 
is set at 10 V, and this voltage amplitude along with the output current across the 
piezoelectric transducer is used to calculate the electrical input impedance of the device. 
Because of the linear nature of the analysis, the voltage amplitude does not affect the 
magnitude of the impedance. 
Figure 3.5 shows the predicted electrical input impedance as a function of 
frequency for the water-loaded device. The three highlighted frequencies (1, 2, and 3) 
represent the first, second, and third resonant modes corresponding to an acoustic wave 
focusing with a wave located between the top surface of the piezoelectric transducer and 
the nozzle orifice. Figure 3.6 provides the imaginary components of the complex 
representations of the pressure fields within the fluid chamber at each of these 
frequencies. At 0.98 MHz roughly one half-wavelength of an acoustic wave is found 
between the piezoelectric transducer and the focal point of the nozzles. Similarly, at 1.62 
MHz a full wavelength is found, and at 2.40 MHz three half-wavelengths are found. 
Note that ANSYS will not output the magnitude of the complex representation of 
the acoustic pressure field. Only the real or imaginary component can be displayed at 
each frequency. For most cases, the two components indicate the same form for the 
pressure field; yet, one will have a much greater magnitude and will therefore provide a 
better indication of the actual acoustic wave focusing within the fluid chamber. In Figure 




Figure 3.5. Predicted electrical input impedance as a function of driving transducer frequency for 
a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded 
device with a 500 µm thick silicon ejector plate and a 500 µm thick spacer. The first three 
resonant modes corresponding to acoustic wave focusing and the longitudinal resonance of the 
piezoelectric are highlighted. 
 
Figure 3.6. Imaginary components of the complex representations of the acoustic pressure fields 
within the fluid chamber of a water-loaded device driven at the first three resonant modes that 
result in acoustic wave focusing at the nozzle tips. The device comprises a 1 mm thick lead 
zirconate titanate (PZT-8) piezoelectric transducer with a 500 µm thick silicon ejector plate and a 
500 µm thick spacer. Imaginary components are shown to better illustrate wave focusing. 
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whichever component of the complex representation of the acoustic pressure field is of 
the largest magnitude is shown to better illustrate wave focusing. 
A number of other resonant frequencies are seen in Figure 3.5. These frequencies 
correspond to other resonant modes of the ejector assembly and do not lead to focusing at 
the nozzle tips. For example, the resonance labeled Rf (f = 1.49 MHz) is that 
corresponding to a standing wave (approximately one half-wavelength) located between 
the piezoelectric transducer and the flat area of the ejector plate on the periphery of the 
device (shown in Figure 3.1). The pressure field within the fluid chamber at this resonant 
frequency is provided in Figure 3.7. 
It is interesting to note that efficient ejection is not predicted at the largest 
resonance labeled Rp in Figure 3.5. This frequency (2.34 MHz) corresponds to the natural 
longitudinal open-circuit resonance of the piezoelectric transducer and is unrelated to the 
resonances of the fluid horns within the chamber. At this frequency the pressure field 
within the fluid chamber is not focused at the nozzle tips for a water-loaded atomizer of 
the given geometry; however, if desired, it is possible to change the fluid chamber 
 
 
Figure 3.7. Imaginary component of the complex representation of the acoustic pressure field 
within the fluid chamber of a water-loaded device driven at the first resonance corresponding to a 
standing wave located between the piezoelectric and the flat area of the ejector plate on the 
periphery of the device. The device comprises a 1 mm thick lead zirconate titanate (PZT-8) 
piezoelectric transducer with a 500 µm thick silicon ejector plate and a 500 µm thick spacer. The 
imaginary component is shown to better illustrate the resonant behavior. 
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geometry in such a way that one of the cavity resonant modes does match the 
longitudinal resonant frequency of the piezoelectric transducer. 
The fundamental resonant frequency of the fluid cavity is approximately related 
to its height hc (shown in Figure 3.1) and the speed of sound c within the ejection fluid as 
fc ≈ c/(2hc). In the prototype device, the distance from the piezoelectric transducer to the 
nozzle tips is constant and approximately equal to 1 mm. Therefore, the resonant 
frequencies leading to ejection are solely dictated by the speed of sound within the fluid. 
Using the speed of sound in water (1500 m/s), this simple analysis would predict ejection 
at 0.75, 1.50, and 2.25 MHz; however, due to the pressure release boundary at the 
openings of the nozzle tips, the focal point of each nozzle where the acoustic wave 
pressure maximum occurs is shifted slightly inward from the nozzle tip into the fluid 
cavity, and the extent of the shift decreases with increasing resonant frequency. This 
makes the effective fluid cavity height (i.e., the distance from the top surface of the 
piezoelectric transducer to the focal point of the maximum wave amplitude) less than 1 
mm. For example, the focal points for the first and second resonant modes are located at 
distances of 0.77 mm and 0.93 mm from the piezoelectric transducer, respectively. This 
behavior is seen in Figure 3.6 as the dark area (focal point) near the tip of the center 
nozzle moves closer to the nozzle tip as operation moves to higher resonant modes. These 
observations are essential as they provide simple design rules that can be used to predict 
the resonant frequencies of the device that are suitable for ejection for any working fluid 
without performing a detailed ANSYS analysis. 
Additional information about the operation of the device can be obtained from 
Figure 3.6. The pressure field within the fluid chamber is neither uniform nor one-
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dimensional at any of the three resonant frequencies. Due to the constructive interference 
of the acoustic waves within the pyramidal nozzles, those nozzles located closer to the 
center of the ejector array exhibit better focusing and a higher resulting pressure gradient 
for fluid ejection. This phenomenon is seen during operation of the device as ejection is 
observed from only a fraction of the orifices of any given ejector array. 
3.4 Comparison of Two-Dimensional and Three-Dimensional Simulation Results 
Although simulations performed with the 2-D domain have been shown to 
accurately predict the resonant frequencies of the actual device (see Section 3.2), it would 
be difficult to compare the pressure field predicted by the 2-D simulations with that of an 
actual device during operation. Therefore, a 3-D simulation is performed to confirm that 
the 2-D simulations accurately predict the acoustic wave focusing within the fluid 
chamber. Again, the thickness of the silicon ejector plate and the thickness of the spacer 
are set to 500 µm, and the thickness of the piezoelectric is set to 1 mm. Because the 3-D 
domain represents one-quarter of a nozzle, the side length of the square piezoelectric 
element is set to 395 µm, which is half of the distance between adjacent nozzles (790 
µm). The nozzle half-width is set to 375 µm, which yields a membrane half-width of 20 
µm (corresponding to the membrane width of 40 µm in the 2-D simulation). The radius ro 
of the nozzle opening is set to 2.5 µm. 
The predicted electrical input impedance as a function of frequency for the water-
loaded device shown in Figure 3.8 shows good qualitative agreement with that of the 2-D 
simulation (Figure 3.5). The four highlighted frequencies (1, 2, 3, and 4) correspond to 
acoustic wave focusing at the nozzle tips as confirmed by the real components of the 
complex representations of the acoustic pressure fields shown in Figure 3.9. The first two 
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resonant frequencies (1.02 and 1.62 MHz) are almost identical to those predicted by the 
2-D simulation (0.98 and 1.62 MHz); however, the resonances labeled “3?” and “4?” 
both appear to correspond to a pressure wave with roughly three half-wavelengths located 
between the top surface of the piezoelectric transducer and the nozzle orifice. At a 
driving frequency of 2.27 MHz, three half-wavelengths of an acoustic wave are found 
between the corners of the top surface of the piezoelectric and the nozzle orifice, and at a 
frequency of 2.50 MHz, three half-wavelengths of an acoustic wave are found along the 
centerline of the nozzle between the point at the center of the top surface of the 
transducer and the orifice. This 3-D behavior is not seen in the 2-D simulations but may 
 
 
Figure 3.8. Predicted electrical input impedance as a function of driving transducer frequency for 
the three-dimensional (3-D) simulation domain with a 1 mm thick lead zirconate titanate (PZT-8) 
piezoelectric transducer driving a water-loaded device with a 500 µm thick silicon ejector plate 
and a 500 µm thick spacer. The first four resonant modes corresponding to acoustic wave 





Figure 3.9. Real components of the complex representations of the acoustic pressure fields within 
a single three-dimensional (3-D) nozzle of a water-loaded device driven at the first four resonant 
modes that result in acoustic wave focusing at the nozzle tips. The 3-D nozzle comprises a 1 mm 
thick lead zirconate titanate (PZT-8) piezoelectric transducer with a 500 µm thick silicon ejector 
plate and a 500 µm thick spacer. Cross sections of the nozzle provide details of acoustic wave 
focusing along the nozzle centerline. Real components are shown to better illustrate wave 
focusing. 
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account for the wider operating range seen near the third resonant mode of operation in 
the validation experiments. Figure 3.9 also indicates that acoustic wave focusing in the 3-
D nozzles is more pronounced than in the 2-D nozzles. As compared with the pressure 
fields shown in Figure 3.6, the dark area (focal point) near the tips of the nozzles is 
shifted closer to the orifice for all resonances, and the amplification factor of the acoustic 
waves due to focusing is between 2.5 and 3.5 times (compared with a maximum of 2 seen 
in the 2-D simulations). Although 2-D simulations of the acoustic response of the system 
underpredict the acoustic wave focusing, they better represent other features of actual 
device operation (e.g., lateral chamber and piezoelectric transducer resonances and the 
non-uniformity of the pressure field within the fluid chamber); therefore, 2-D simulations 
are used for the comparative analyses of different device geometries and working fluids. 
3.5 Effect of Increasing the Piezoelectric Transducer Thickness 
In order to determine the effect that increasing the thickness of the piezoelectric 
transducer has on the acoustic response of the device, results are obtained for the two-
dimensional baseline simulation domain (Figure 3.1) but with the 1 mm thick 
piezoelectric transducer replaced by a 2 mm thick transducer. Again, water is used as the 
ejection fluid. Figure 3.10 shows the predicted electrical input impedance as a function of 
frequency for this device. The two highlighted frequencies (1 and 2) represent the first 
and second resonant modes corresponding to pressure wave focusing at the nozzle tips as 
confirmed by the pressure fields within the chamber at these frequencies shown in Figure 
3.11. Again, the longitudinal resonance Rp (f = 1.17 MHz) of the piezoelectric transducer 




Figure 3.10. Predicted electrical input impedance as a function of driving transducer frequency 
for a 2 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded 
device with a 500 µm thick silicon ejector plate and a 500 µm thick spacer. The first two resonant 
modes corresponding to acoustic wave focusing and the longitudinal resonance of the 
piezoelectric are highlighted. 
 
Figure 3.11. Imaginary components of the complex representations of the acoustic pressure fields 
within the fluid chamber of a water-loaded device driven at the first two resonant modes that 
result in acoustic wave focusing at the nozzle tips. The device comprises a 2 mm thick lead 
zirconate titanate (PZT-8) piezoelectric transducer with a 500 µm thick silicon ejector plate and a 
500 µm thick spacer. Imaginary components are shown to better illustrate wave focusing. 
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between the piezoelectric transducer and the flat area on either side of the ejector array 
are circled in Figure 3.10. 
As expected, doubling the thickness of the piezoelectric transducer shifts the 
longitudinal resonance of the transducer to half of the original frequency, i.e., from 2.34 
MHz in Figure 3.5 to 1.17 MHz in Figure 3.10. In turn, the magnitude of the baseline 
electrical input impedance is doubled. Increasing the thickness of the piezoelectric has 
little effect on the frequencies at which the fluid cavity resonances occur; however, it is 
interesting to note that no higher order resonant modes are now seen. This implies that 
the power transfer from the piezoelectric transducer to the fluid is more efficient at lower 
frequencies near the fundamental cavity resonant mode. This effect is examined in more 
detail in Section 3.8. 
3.6 Effect of Increasing the Spacer Thickness 
Figure 3.12 provides the predicted electrical input impedance as a function of 
frequency for a water-loaded device using the baseline simulation domain (Figure 3.1) 
but with a 1.5 mm thick silicon spacer replacing the 500 µm thick spacer. The first six 
cavity resonant modes found within the frequency range 0.3–2.8 MHz are highlighted (1–
6). Cavity resonance is confirmed by the pressure fields within the fluid chamber at these 
frequencies, which are shown in Figure 3.13. 
Because the longitudinal resonance of the piezoelectric transducer is unrelated to 
the geometry of the cavity, its frequency RP moves only slightly from 2.34 to 2.38 MHz 
in Figures 3.5 and 3.12, respectively. The most significant effect of increasing the 




Figure 3.12. Predicted electrical input impedance as a function of driving transducer frequency 
for a 2 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded 
device with a 500 µm thick silicon ejector plate and a l.5 mm thick spacer. The first six resonant 
modes corresponding to acoustic wave focusing and the longitudinal resonance of the 
piezoelectric are highlighted. 
number of possible frequencies of operation in the 0.3–2.8 MHz range for the transducer 
with the longitudinal resonant frequency of 2.34 MHz. In addition, the frequency 
envelope is expanded by decreasing the lowest operating frequency from 980 kHz to 470 
kHz. 
3.7 Acoustic Response of Devices Loaded with Other Fluids 
Figures 3.14 and 3.15 show the frequency response of the device loaded with 
methanol and kerosene, respectively. The properties of the fluids relevant to the ANSYS 
simulations and compared with those for water are given in Table 3.1. Again a number of 






Figure 3.13. Imaginary components of the complex representations of the acoustic pressure fields 
within the fluid chamber of a water-loaded device driven at the first six resonant modes that result 
in acoustic wave focusing at the nozzle tips. The device comprises a 1 mm thick lead zirconate 
titanate (PZT-8) piezoelectric transducer with a 500 µm thick silicon ejector plate and a 1.5 mm 
thick spacer. Imaginary components are shown to better illustrate wave focusing. 
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Figure 3.14. Predicted electrical input impedance as a function of driving transducer frequency 
for a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a methanol-
loaded device with a 500 µm thick silicon ejector plate and a 500 µm thick spacer. The first four 
resonant modes corresponding to acoustic wave focusing are highlighted. 
 
Figure 3.15. Predicted electrical input impedance as a function of driving transducer frequency 
for a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a kerosene-
loaded device with a 500 µm thick silicon ejector plate and a 500 µm thick spacer. The first three 
resonant modes corresponding to acoustic wave focusing are highlighted. 
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Water 1500 1.00x10-3 1000 
Methanol 1089 5.50x10-4 787 
Kerosene 1325 2.20x10-3 820 
 
the simple design rule developed by analyzing the frequency response for the water-
loaded device (Section 3.3). Based on the earlier discussion, the cavity resonant 
frequencies suitable for ejection by a given device are defined by the height hc of the 
fluid cavity and the magnitude of the speed of sound in each specific fluid considered. In 
particular, the sound speeds in methanol and kerosene are 1089 and 1325 m/s, 
respectively, which are less than that in water. Therefore, as compared to the water-
loaded device, the cavity resonant frequencies predicted by ANSYS are shifted to 0.72, 
1.19, and 1.73 MHz for methanol and to 0.87, 1.45, and 2.10 MHz for kerosene. 
Strictly speaking, without looking at ANSYS contour plots of the pressure fields 
within the fluid reservoir, it is not possible to know for certain that the cavity resonant 
frequencies listed above for methanol and kerosene correspond to those leading to 
ejection of water, i.e., represent the same modes as those circled in Figure 3.5. Figure 
3.16 provides the imaginary components of the complex representations of the pressure 
fields within the fluid chamber for the cavity resonant frequency labeled “2” in Figures 
3.5, 3.14, and 3.15. This figure indicate that roughly one full wavelength of the acoustic 




Figure 3.16. Imaginary components of the complex representations of the acoustic pressure fields 
in methanol- and kerosene-loaded devices at the second resonant mode that leads to acoustic 
wave focusing at the nozzle tips. The device comprises a 1 mm thick lead zirconate titanate (PZT-
8) piezoelectric transducer with a 500 µm thick silicon ejector plate and a 500 µm thick spacer. 
Imaginary components are shown to better illustrate wave focusing. 
that yield wave focusing at the nozzle tip, thus confirming the simple scaling argument 
presented earlier for estimating the cavity resonances of the device without extensive 
ANSYS simulations. 
3.8 Power Transfer Efficiency Analysis 
In addition to predicting the resonant frequencies of the ejector assembly and 
confirming the acoustic wave focusing within the pyramidal nozzles, ANSYS also 
permits an estimate of the fraction of the electrical input power to the piezoelectric 
transducer that is imparted to the ejected fluid. This not only yields the cavity resonance 
at which a particular device produces the strongest and most efficient ejection but also 
confirms whether or not it is desirable to make the resonance of the piezoelectric 
transducer coincide with a cavity resonant frequency. 
Since ANSYS is not capable of simulating the actual ejection process, the kinetic 
energy imparted to a single droplet is estimated from the average acoustic velocity 
magnitude of all of the fluid elements adjacent to the outlet of each of the nozzles: 
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( ) 221 ddod UKE ∀= ρ , (10) 
where ρo is the fluid density, ∀d is the droplet volume, and Ud is the estimated droplet 
velocity. The droplet volume ∀d is calculated by assuming that the droplet radius rd is 
equal to the radius ro of the orifice.
26,44-46 Assuming that a droplet is ejected from every 
nozzle during every cycle, the total power imparted to the fluid is expressed as 
dF fNKEP = , (11) 
where f is the driving frequency of the piezoelectric transducer, and N is the number of 
nozzles. Note that the actual fluid power is less than that given by the above estimate 
owing to restraining forces, e.g., viscous dissipation, as well as the fact that ejection does 
not occur at each nozzle; however, Equation (11) provides a consistent, physically-based 
measure of the power imparted to the droplets for the comparative study given here. 
The electrical input power to the piezoelectric transducer is given by 
( )
piezoE iVP Re= , (12) 
where V is the applied voltage, and ipiezo is the current flowing through the piezoelectric 
transducer. Device efficiency ε is evaluated as the ratio of the power imparted to the 
ejected fluid to the electrical input power to the transducer at each frequency of 
operation. 
Again, water is used as the working fluid, and all other simulation parameters are 
identical to those described previously. The power transfer efficiency analysis is 
conducted for three different two-dimensional domains: (1) a 1 mm thick piezoelectric 
transducer with a 0.5 mm thick spacer, (2) a l mm thick transducer with a 1.5 mm thick 
spacer, and (3) a 2 mm thick transducer with a 0.5 mm spacer. For each simulation, a 
wide frequency range (0.3–2.8 MHz) harmonic analysis is performed at a step size of 10 
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kHz to identify the cavity and transducer resonances. Due to the high quality factor of 
some of the resonances, a higher-resolution (500 Hz step size) simulation centered on 
each resonance of interest is also performed. 
Figure 3.17 provides the electrical input power and the power imparted to the 
ejected fluid as functions of frequency for the baseline case. Due to the decreasing power 
input to the transducer, it seems that it is most desirable to operate at the lower frequency 
modes of the system, and the simple approximation of the ejector efficiency shown in 
Figure 3.18 strengthens this conclusion. Operation at the longitudinal resonant frequency 
of the piezoelectric transducer imparts significant power to the ejected fluid; however,  
 
 
Figure 3.17. Comparison of electrical input power with the power imparted to the ejected fluid as 
functions of driving transducer frequency for a 1 mm thick lead zirconate titanate (PZT-8) 
piezoelectric transducer driving a water-loaded device with a 500 µm thick silicon ejector plate 
and a 500 µm thick spacer. The first three resonant modes corresponding to acoustic wave 
focusing and the longitudinal resonance of the piezoelectric are highlighted. 
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Figure 3.18. Ejector efficiency as a function of driving transducer frequency for a 1 mm thick 
lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded device with a 500 
µm thick silicon ejector plate and a 500 µm thick spacer. The first three resonant modes 
corresponding to acoustic wave focusing are highlighted. 
operation at this frequency is not desirable because amplification of the electrical current 
and physical displacement of the piezoelectric transducer at resonance leads to drastically 
increased resistive and frictional losses without the amplification of the fluid velocity 
associated with operation at a cavity resonance; thus, efficiency drops significantly. This 
can also lead to excessive device heating, which could be undesirable for applications 
such as biological fluid processing. 
A comparisons of the electrical input power and the power imparted to the ejected 
droplets as functions of frequency for the case with a 2 mm piezoelectric transducer and 
the case with a 1.5 mm spacer are shown in Figures E.1 and E.2, respectively, of 
Appendix E. Plots of the resulting ejector efficiency as a function of frequency are 
provided in Figures 3.19 and 3.20. Again, the device efficiency at the resonance of the 
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piezoelectric transducer is low for both cases. Based on Figures 3.18–3.20, it appears that 
in general the device efficiency while operating at one of the cavity resonances decreases 
with increasing frequency unless the resonance is located very near that of the 
piezoelectric transducer (mode 1 in Figure 3.19); however, mode 1 (f = 0.47 MHz) in 
Figure 3.20 seems to indicate that if the chamber resonance is located far from the 
longitudinal resonance of the transducer the efficiency enhancement decreases because 
very little power is imparted to the ejected droplets. The pressure field for this mode 
shown in Figure 3.13 does not show uniform planar focusing towards the nozzle tips but 
is somewhat distorted so it is also possible that a lateral chamber resonance located at a 
frequency near this resonance is causing interference and reducing the focusing effect. It 
is interesting to note that the efficiency at a given frequency seems to be independent of 
 
 
Figure 3.19. Ejector efficiency as a function of driving transducer frequency for a 2 mm thick 
lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded device with a 500 
µm thick silicon ejector plate and a 500 µm thick spacer. The first three resonant modes 
corresponding to acoustic wave focusing are highlighted. 
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Figure 3.20. Ejector efficiency as a function of driving transducer frequency for a 1 mm thick 
lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded device with a 500 
µm thick silicon ejector plate and a 1.5 mm thick spacer. The first seven resonant modes 
corresponding to acoustic wave focusing are highlighted. 
the cavity resonant mode (e.g., the efficiency of resonant mode 2 in Figures 3.18 and 3.19 
at f = ~1.62 MHz with ε = ~0.0008 is approximately the same as that of resonant mode 4 
in Figure 3.20 at f = ~1.58 MHz with ε = ~0.0008). The previous discussion of a device 
driven by the 2 mm piezoelectric transducer suggested that only the first two cavity 
resonances could be found by looking at the pressure field simulation results. The 
possible explanation is that the efficiency at higher resonant modes is simply extremely 
low as shown in Figure 3.19. 
Table 3.2 is a summary of results of the ANSYS simulations including resonant 
frequencies, electrical input power and power imparted to the fluid, and power transfer 
efficiency for each of the three devices under investigation. Additional insight is gained 
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Power, PE  
(W) 
Fluid Power, 
PF  (mW) 
Efficiency, 
ε 
1.0 0.5 2.17 1 0.98 0.030 0.084 0.0028 
   2 1.62 0.528 0.406 0.0008 
   3 2.40 2.760 0.636 0.0002 
2.0 0.5 1.11 1 0.94 0.574 0.350 0.0006 
   2 1.64 0.099 0.081 0.0008 
   3 N/A N/A N/A N/A 
1.0 1.5 2.19 1 0.47 0.176 0.197 0.0011 
   2 0.86 2.436 8.739 0.0036 
   3 1.23 1.322 1.428 0.0011 
   4 1.57 2.364 1.950 0.0008 
   5 1.94 3.130 0.637 0.0002 
   6 2.36 5.733 1.094 0.0002 
 
through a comparison of the data for each device. For example, a comparison of the 
results for the 1 mm transducer with a 500 µm spacer and those for the 2 mm transducer 
with a 500 µm spacer suggests that the piezoelectric resonance should lie significantly 
above the cavity resonance to be suitable for ejection. As noted above, the efficiency at 
the second cavity resonance (fc = ~1.6 MHz) is approximately 0.008 for both cases; 
however, the electrical input power and the power imparted to the fluid are much lower 
for the 2 mm transducer, which has a longitudinal resonance at 1.11 MHz, compared to 
the resonance at 2.17 MHz for the 1 mm transducer. This result emphasizes that the 
efficiency should not be used as the sole indicator of device performance; consideration 
must also be given to the magnitude of the power imparted to the fluid. Operation at the 
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first cavity resonance of the device with the 1 mm piezoelectric transducer and 500 µm 
spacer is more efficient than operation at the second cavity resonance of the same device 
so the same ejector performance could be attained with a lower electrical power input; 
however, a much higher voltage would be necessary, which may not be achievable due to 
limitations on the power supply. 
3.9 Concluding Remarks on the Acoustical Response of the System 
In this chapter, experimentally-validated finite element analysis (FEA) 
simulations of the acoustical response of the system are used to investigate the operating 
principles of the droplet generator developed in this thesis. Not only do the simulations 
predict the cavity resonant frequencies, but the acoustic wave focusing within the 
pyramidal nozzles is also confirmed at each predicted resonance corresponding to a 
favorable circumstance for fluid ejection, i.e., a large pressure gradient located at the tips 
of the nozzles. 
An estimate of the ejector efficiency at each resonance is obtained by comparing 
the power imparted to the ejected fluid with the electrical input power to the piezoelectric 
transducer. Results of this efficiency analysis indicate that, although counterintuitive, it is 
not optimal to design the ejector such that a cavity resonance coincides with the 
longitudinal resonance of the piezoelectric transducer; rather, it appears that the 
efficiency of the device increases with decreasing frequency; therefore, it is desirable to 
design the ejector so that it operates at its first cavity resonance and with the piezoelectric 
transducer sufficiently thin so that its longitudinal resonance is much higher than this 
cavity resonance. 
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CHAPTER 4   
FLUID MECHANICS OF ATOMIZATION: 
VISUALIZATION AND SCALING 
 
A combination of high-spatial-resolution stroboscopic optical visualization of 
fluid ejection enabled by the periodic acoustic pumping of liquid horns and a scaling 
analysis of key phenomena is used to investigate the fluid physics governing the ejection 
process and to characterize the modes of operation of the micromachined ultrasonic 
droplet generator. 
4.1 Visualization of the Ejection Process 
Eggars47 has presented a thorough discussion of the evolution of experimental 
techniques employed to observe the development of the flow during droplet formation 
through the breakup of a continuous jet exiting a nozzle at high speed. In 1686, 
Mariotte48 was the first to note that a stream of water flowing from a hole in the bottom 
of a container decays into droplets; however, a detailed experimental analysis of this 
phenomenon did not appear until Savart49 sought to carefully investigate the laws 
governing it in the early 1800s. The most significant contribution made by Savart was the 
discovery that periodic disturbances of the jet at the nozzle produced disturbances on the 
surface of the jet with the same frequency. Plateau50 performed the first quantitative 
analysis of the decay of cylindrical jets into droplets while the experimental methodology 
employed by Savart was improved by Magnus51,52 and perfected by Lord Rayleigh.53,54 
While investigating the capillary breakup of jets, Rayleigh used an electrically 
maintained tuning fork to control jet breakup while simultaneously interrupting the 
 68 
primary current of an induction coil that generated a spark. In this way, the jet was 
illuminated during a particular phase of transformation and thus appeared almost 
perfectly steady. Remarkably, Rayleigh was even able to change the observed phase of 
the jet by pressing slightly upon the reservoir from which the jet issued; however, without 
photography, there were no methods available to record the shapes of the droplets in any 
detail. 
Lord Rayleigh55 eventually introduced photographic methods, but quantitative 
experiments had not been performed until much later. In 1925, Tyler and Richardson56 
examined detailed photographs of the breakup of capillary jets where the interplay 
between inertia and surface tension leads to the disruption of the jet and the formation of 
droplets. In addition to analysis of images of this Rayleigh-type breakup, Haenlein57 and 
Ohnesorge58 recorded images of a second type of high velocity jet breakup where the air 
resistance becomes more important to the breakup of the jet than the surface tension. 
They also presented pictures of jet atomization. 
The techniques that are used to acquire images of droplet formation through the 
breakup of continuous jets have changed little since these first experiments were 
conducted; however, the sophistication of the image acquisition system has increased 
substantially, and improvements in both the source of illumination and imaging devices 
have enabled the visualization of minute details of the flow with extremely small 
exposure times. The electric spark that was used as the illumination source by the earliest 
researchers has been replaced by a pulsed light-emitting diode (LED);45,47,59 and images 
that used to be captured on film are now recorded with a charge-couple device (CCD) 
camera attached to a personal computer and image processor.47,59 
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4.1.2 Experimental Setup 
Figure 4.1 provides a schematic overview of the experimental setup that was 
developed for visualization of the ejection process. The piezoelectric transducer is driven 
by a sinusoidal AC voltage signal that is generated by the function generator (Stanford 
Research Systems, Model DS345) labeled “Function Generator 1” in Figure 4.1. The 
signal is then amplified using an RF amplifier (T&C Power Conversion, Inc., Model 
AG1020). An oscilloscope (Tektronix, Inc., Model TDS 2014) is used to monitor the 
 
 
Figure 4.1. Schematic of the experimental setup used for stroboscopic visualization of the 
ejection process.  
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voltage signal applied to the piezoelectric transducer. Although the device is capable of 
self-pumping the ejection fluid through flexing of the piezoelectric transducer, either 
gravity feed or a syringe pump is used to maintain a steady supply of fluid to the ejector 
assembly. 
The ejection process is periodic due to the periodic (sinusoidal) waveform of the 
AC signal driving the piezoelectric transducer so visualization is performed using the 
stroboscopic method. An arbitrary orifice, which exhibits steady ejection, is selected from 
the ejector nozzle array and is illuminated at the same frequency as that of the 
piezoelectric drive waveform. This is accomplished using an ultrabright LED array 
pulsed at a 100–200 ns pulse width using a second function generator (Agilent 
Technologies, Inc., Model 33250A) labeled “Function Generator 2” in Figure 4.1. This 
function generator is triggered externally using the sync signal from Function Generator 1 
so that the pulse repetition frequency of the LEDs is the same as that of the signal driving 
the piezoelectric transducer of the ejector. Synchronization of the ejection and 
illumination frequencies allows one to “freeze” the image in space/time, and each such 
“frozen” image corresponds to the superposition of thousands of identical ejection events 
occurring during the time period when the camera shutter remains open (32 ms).  Further, 
in order to observe the evolution of ejection events at various time instants during one 
ejection period (given by the inverse of the acoustic pumping frequency), a trigger delay 
of varying duration (such that 10 delay steps are equal to the ejection period) is applied to 
the waveform driving the LED array. A series of microscope lenses provides adjustable 
magnification (20–140X) of the image which is then recorded with a CCD camera 
(Redlake MASD, Inc., Model MegaPlus ES 1.0). The camera output is connected to an 
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image acquisition module (National Instruments Corporation, Model 1422 Digital 
IMAQ) for capture and storage of images onto a computer. Automation of the image 
capture process is achieved using a National Instruments (NI) LabVIEW60 (version 7.0) 
virtual instrument (VI) that sweeps through a range of desired driving voltages and 
illumination delay steps and captures an image at each step. Further details on the 
experimental apparatus and its assembly are given in Appendix F. 
4.1.3 Analysis of Acquired Images 
All image acquisition was performed at the same microscope magnification level 
(60X). An orifice of known diameter (calibration standard) was used to define the scale 
for measurements taken from the acquired images. An optical microscope image of this 
orifice is shown in Figure 4.2a. Using a scanning electron microscope (SEM), the 
diameter of the orifice used as the length calibration standard was measured to be 15.7 
µm. NI Vision Assistant61 software (version 7.0.0) was then used to measure the diameter 
of this orifice in pixels as shown in Figures 4.2b–4.2d. The clamp function measures the 
horizontal and vertical distances between the first and last edges found in a rectangular 
 
 
Figure 4.2. Determination of the scale for performing measurements on the acquired images: a) 
optical image of an orifice of known diameter (measured using a scanning electron microscope 
(SEM)), b) measurement of the horizontal diameter in pixels, c) measurement of the vertical 
diameter in pixels, and d) check of edges used for determination of the orifice diameter. 
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region of interest. As shown in Figures 4.2b and 4.2c, the horizontal distance representing 
the orifice diameter is 40.87 pixels and the vertical distance is 13.84 pixels. Accounting 
for the 20° inclination angle of the microscope lens (line of sight) to the ejector surface, 
the rescaled vertical distance representing the true diameter of the orifice is equal to 
40.46 pixels [= 13.84/sin(20°) pixels], which is very close to the horizontal distance 
(40.87 pixels) as expected for the circular orifice. The ratio of the size of the calibration 
standard orifice in pixels (40.61 pixels) to its actual size (15.7 µm) yields a conversion 
factor of 2.6 pixels/µm that is used for reporting all measurements. Note that due to the 
fuzziness of the images, the uncertainty in the measurements is approximately ±4 pixels 
or ±1.5 µm. 
Measurements of the droplet diameter, the distance between successive droplets, 
and the wavelength of the jets were also performed using the NI Vision Assistant 
software. For example, measurement of the horizontal and vertical distances representing 
the diameter of droplets ejected from a 4.5 µm orifice is shown in Figure 4.3. For this 
case, the horizontal distance representing the diameter of the droplet in the image is equal 
to 15.76 pixels or 6.1 µm, and the measured vertical distance is 14.71 pixels. After taking 
the inclination angle (20°) of the microscope lens into account, the rescaled vertical 
distance is 15.65 pixels [= 14.71/cos(20°)] or 6.0 µm. Therefore the average diameter of 
the droplets, which is used in the data analysis, is 6.1 µm. 
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Figure 4.3. Measurement of the droplet diameter: a) acquired image of droplet ejection, b) 
measurement of the horizontal diameter in pixels, c) measurement of the vertical diameter in 
pixels, and d) check of edges used for determination of the droplet diameter.   
4.1.4 Representative Visualization Results 
In all experiments reported here, water was used as the working fluid. 
Stroboscopic visualization of the ejection process was conducted for two different ejector 
designs: type 1 which features orifices etched in bulk silicon forming short channels at 
the tips of the nozzles (Figure 2.11b) and type 2 in which the tips of the nozzles terminate 
at orifices etched in thin nitride membranes (Figure 2.11a). As has been shown in Chapter 
2, the specific type/design of the ejector is dictated by the thickness of the silicon ejector 
plate as compared to the width of the square base of the pyramidal nozzles. 
4.1.4.1 Ejection from Orifices (Microchannels) Etched in Bulk Silicon 
Two geometries of the first ejector design (type 1) have been investigated; both 
ejector plates measured 24x24 mm2 in footprint and 520 µm thick, and had a 15x15 array 
of nozzles. Both geometries also had the same length of etched cylindrical channel (~5.0 
µm) at the nozzle tips, but with different diameters of 5.9 µm and 11.9 µm. A 600 µm 
thick Kapton® tape spacer was used to define the fluid chamber, and the ejector was 
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driven by a 1 mm thick, 24x28 mm2 piezoelectric PZT-8 transducer. Since the resonant 
frequencies at which the device operates are only dependant on the fluid chamber 
geometry (and not on the orifice size in the limit of small orifices) the two ejectors 
operated at the same frequencies. These resonant frequencies of 0.95, 1.5, and 2.1 MHz 
were predicted by the ANSYS36 simulations and verified experimentally by measuring 
the electrical input impedance of the device using a network analyzer (Agilent 
Technologies, Inc., Model 8753 ES). Indeed, ejection experiments confirmed that 
operation of the device at the predicted resonant frequencies led to successful fluid 
ejection. 
Visualization of device operation under various operating conditions (e.g., 
frequency and amplitude of the driving AC signal) revealed three distinct modes of 
device operation: (1) no ejection (idling mode), (2) ejection of a stream of individual 
droplets (discrete-droplet mode), and (3) ejection of a continuous jet which does 
(transition mode) or does not (jet mode) break into droplets within a short distance away 
from the ejection point. Reading left to right and top to bottom, Figure 4.4 shows a series 
of sequential images of ejection of individual droplets from a 5.9 µm orifice at 0.952 
MHz. Figures 4.5 and 4.6 show representative images of jet-mode operation that leads to 
continuous-jet ejection from an 11.9 µm orifice at 0.937 and 1.456 MHz, respectively. 
Transition (jet-to-droplet) behavior was found to occur when the 5.9 µm ejector was 
driven at 1.463 MHz as shown in Figure 4.7. In this case, ejection starts in a “continuous-
jet” mode; however, the jet quickly degenerates into droplets after traveling 




Figure 4.4. Sequential stroboscopic images of droplet ejection from a 5.9 µm orifice of a device 
with short channels etched in bulk silicon at the nozzle tips and operated at a driving frequency of 
0.952 MHz. The delay between successive images is 100 ns. 
 
Figure 4.5. Sequential stroboscopic images of continuous-jet ejection from an 11.9 µm orifice of 
a device with short channels etched in bulk silicon at the nozzle tips and operated at a driving 







Figure 4.6. Sequential stroboscopic images of continuous-jet ejection from an 11.9 µm orifice of 
a device with short channels etched in bulk silicon at the nozzle tips and operated at a driving 
frequency of 1.456 MHz. The delay between successive images is 100 ns. 
 
Figure 4.7. Sequential stroboscopic images of the transition from discrete-droplet to continuous-
jet mode of ejection from a 5.9 µm orifice of a device with short channels etched in bulk silicon 
at the nozzle tips and operated at a driving frequency of 1.463 MHz. The delay between 
successive images is 100 ns. 
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ejection does not occur at a single driving frequency but over a range of frequencies for 
an orifice of a given diameter. This phenomenon is discussed in further detail in Section 
4.4 of this thesis. In all cases shown in Figures 4.4–4.7, the trigger delay of the pulse 
waveform driving the LED array is 100 ns between each pair of successive images. 
By analyzing the images in Figure 4.4, the diameter of the droplets ejected from 
the 5.9 µm orifice was found to be 7.2 µm which is slightly larger than the orifice size 
consistent with observations of ejection from similar devices reported in the 
literature.26,44-46 The droplet velocity of 11.8 m/s was determined by measuring the 
distance traveled by the leading edge of an ejected droplet over the known delay time of 
the images. The equidistant translation (upward shift) of the “frozen” droplets obtained 
for progressively longer trigger delays within one period of the acoustic wave oscillation 
(see Figure 4.4) indicates that a new droplet is ejected at each time period corresponding 
to the frequency of the AC voltage signal used to drive the piezoelectric transducer. For 
the case depicted in Figure 4.4, the period of the driving signal was equal to 1.05 µs (f = 
0.952 MHz), and the total time delay between the first and last image in the picture is 900 
ns. By extrapolation, the stream of droplets at a delay of 1 µs would be essentially 
identical in shape and position to (i.e., overlapping) the first image of the series, which 
means that the frequency of ejection (~1 MHz) must be the same as the driving frequency 
of the device. 
The mean diameter and wavelength of the interface wave of the jet ejected from 
the 11.9 µm orifice at 0.937 MHz (Figure 4.5) were computed from image analysis of the 
jet to be 6.4 and 17.0 µm, respectively. The interface velocity of 15.9 m/s was determined 
by tracking the leading edge of the section of the jet just emerging from the orifice in the 
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first frame over the known delay time between the images. A similar image analysis of 
the jet ejected at 1.456 MHz (Figure 4.6) indicates that it has a diameter of 8.0 µm, a 
wavelength of 14.4 µm, and an interface velocity of 21.0 m/s. As was the case for the 
ejection of droplets, the frequency at which surface waves form at the jet interface is 
identical to the frequency of the signal driving the piezoelectric transducer. 
4.1.4.2 Ejection from Orifices Etched in Thin Nitride Membranes 
Two geometries of the second ejector design (type 2) have also been investigated 
in which the orifices were etched in the center of thin nitride membranes located at the 
tips of the nozzles. Specifically, a 4.5 µm diameter orifice was etched in an 11 µm wide, 
2.5 µm thick nitride/tungsten membrane, and a 15.7 µm diameter orifice was etched in a 
26 µm wide, 2.5 µm thick nitride/tungsten membrane. Both ejector plates measured 
24x24 mm2 and featured a 20x20 array of nozzles. A variable thickness (0.63, 1.25, or 
1.85 mm) brass spacer was used to define the fluid chamber, and either a 1 or 2 mm 
thick, 24x28 mm2 piezoelectric PZT-8 transducer was used to actuate the device. Again, 
since the resonant frequencies at which the device operates are only dependent on the 
fluid chamber geometry, the two ejectors operated at the same frequencies; due to the 
variable thickness of the spacer, ejection was observed at 11 different resonant 
frequencies corresponding to the first three resonances of the fluid cavity formed by the 
1.25 and 1.85 mm thick spacers, and the first four resonances of the fluid cavity formed 
by the 0.63 mm spacer. 
Three distinct modes (idling, discrete-droplet, and continuous-jet) of operation 
were observed, along with the transition from the continuous-jet to the discrete-droplet 
mode of ejection. Figure 4.8 shows a series of sequential images of ejection of individual 
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droplets from a 4.5 µm orifice at 0.785 MHz. Continuous-jet ejection from a 15.7 µm 
orifice at 0.883 MHz is shown in Figure 4.9, and the sequence of images shown in Figure 
4.10 represents the transition from continuous-jet to discrete-droplet ejection from a 15.7 
µm orifice at 0.604 MHz. 
Image analysis of Figures 4.8 and 4.10 indicates that the diameter of the droplets 
ejected from the 4.5 µm orifice is 7.0 µm and that of the droplets formed upon breakup of 
the jet ejected from the 15.7 µm orifice is 11.2 µm. In addition, the undisturbed jet 




Figure 4.8. Sequential stroboscopic images of droplet ejection from a 4.5 µm orifice of a device 
with thin nitride membranes at the nozzle tips and operated at a driving frequency of 0.785 MHz. 
The delay between successive images is 129 ns. 
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Figure 4.9. Sequential stroboscopic images of continuous-jet ejection from a 15.7 µm orifice of a 
device with thin nitride membranes at the nozzle tips and operated at a driving frequency of 0.883 
MHz. The delay between successive images is 113 ns. 
 
Figure 4.10. Sequential stroboscopic images of the transition from discrete-droplet to continuous-
jet mode of ejection from a 15.7 µm orifice of a device with thin nitride membranes at the nozzle 
tips and operated at a driving frequency of 0.604 MHz. The delay between successive images is 
159 ns. 
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The delay between successive images in Figures 4.8–4.10 is such that a complete 
period of ejection is shown for each case. Figures 4.8 and 4.10 indicate that a new droplet 
is ejected at each cycle corresponding to the frequency of the AC voltage signal used to 
drive the piezoelectric transducer (by extrapolation, if there were another frame in each 
image sequence, it would be identical to the very first frame). Therefore, the velocity of 
the droplets (or jet interface) can be determined either by measuring the distance traveled 
by the leading edge of an ejected droplet (or interface crest) over the delay time of the 
images or by multiplying the distance between the leading edge of two consecutive 
droplets (or interface crests) in a single image by the driving frequency of operation. The 
velocity of the droplets/interface shown in Figures 4.8–4.10 is found to be 10.9 m/s, 14.3 
m/s, and 14.0 m/s, respectively. 
4.2 Theory of the Ejection Process 
The use of periodic acoustic excitation for droplet generation has been studied by 
several investigators,4,21,22,24,25,30,62,63 who proposed different, sometimes competing, 
theories on the fluid mechanics of the process. In particular, it has been suggested that the 
formation of capillary waves at the liquid-air interface located at the nozzle tips plays a 
critical role in whether or not ejection is possible, either in discrete-droplet or continuous-








λ = , (13) 
where σl and ρl are the liquid surface tension and density, respectively, and fw is the 
frequency of the capillary waves formed on the free surface of the liquid. Lang62 applied 
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this relation to the study of acoustically-driven atomization where the ultrasonic vibration 
of a liquid surface that is large in extent leads to the rupture of capillary surface waves 
and the subsequent ejection of droplets from the wave peaks. For ultrasonically generated 
capillary waves, the driving frequency has been shown to be twice the frequency of the 
















λ , (14) 
where, f is the driving ultrasonic frequency. Lang62 modified Equation (14) to obtain an 



















Although Equation (15) does not indicate a dependence of the droplet diameter on 
the liquid phase viscosity or volumetric flow rate, it has been shown to be generally 
applicable for a variety of fluids.63 In the spirit of these earlier developments, Perçin et 
al.4,22,24,25,30 suggested that a relation between the size of an ejector orifice and the 
wavelength of capillary waves formed by external acoustic pumping must play a role in 
describing the ejection physics. The criterion governing this balance was presented as a 









= , (16) 
where ro is the radius of the orifice. Further, Perçin et al.
4,22,24,25,30 speculated that when 
this parameter is less than 1, i.e., the wavelength of the capillary waves is smaller than the 
size of the orifice, the acoustic energy applied to the liquid-air interface forms small 
capillary waves that are quickly dissipated by viscous forces, and no ejection takes place. 
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No reasons have been given as to why small wavelength capillary waves should be more 
prone to acoustic energy dissipation, as well as why the viscous forces should play a role 
of any significance in the energy dissipation in the largely static (only acoustically 
perturbed) fluid. Use of Equation (16) to predict a threshold for ejection of water (σl = 
72.5x10-3 N/m and ρl = 1000 kg/m3) into air yields a limiting (maximum) orifice diameter 
of 10 µm for driving frequencies ranging from 1–5 MHz; however, in contrast to this 
prediction, successful ejection of water from an ejector array with 30 µm diameter 
orifices at driving frequencies up to 2.5 MHz has been achieved with the micromachined 
atomizer under investigation. 
Another possibility is that droplet generation occurs via the breakup of a 
continuous jet. The phenomena leading to the breakup of a continuous jet of liquid 
issuing from a nozzle into air have been thoroughly investigated.48,50-54,56-58,66-68 
Depending on the fluid properties (of the liquid jet and the ambient) and the jet velocity, 
three different types of jet breakup have been observed: (1) varicose breakup due to the 
capillary instability of the jet,53,57,58,66,68,69 (2) sinuous breakup due to the resistance of the 
ambient fluid to the passage of the wave crests on the surface of the jet,57,58,68,69 and (3) 
“atomization” where the jet is immediately and violently disrupted to yield a mist of very 
fine droplets upon exiting the nozzle.57,58,69  
Linear stability analysis of a long, circular, inviscid, and incompressible liquid jet 
excited by axisymmetric, spatially harmonic disturbances was performed by Lord 
Rayleigh66 who discovered that the wavelength of maximum instability is determined by 
the interplay between inertia and surface tension. Rayleigh53,54 confirmed this behavior 
(varicose breakup) experimentally and found that disturbances are unstable if their 
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wavelength λ is greater than the circumference, 2πrj, of the undisturbed jet. In addition, 
the maximum instability (i.e., the fastest growth rate) occurs for a disturbance having a 
wavelength of 4.51 times the jet diameter. Smith and Moss67 found that the continuous 
length of the jet before breakup by Rayleigh-type capillary instability is proportional to 
the jet velocity since the most unstable disturbance will grow to break the jet in a fixed 
amount of time (constant growth rate), and the distance that the jet has traveled during 
that time is proportional to the jet velocity. 
If disturbances arising from the resistance by the ambient environment to the 
passage of the liquid jet grow at a faster rate than those due to surface tension, the 
continuous length of the jet before breakup will begin to decrease with increasing 
velocity.69 A semi-empirical description of this second type of breakup (varicose 
breakup) was developed by Weber.68 Haenlein57 and Ohnesorge58 experimentally found 
that a further increase in the jet velocity leads to a third type of breakup termed 
“atomization” in which the velocity of the jet is so high that the jet immediately 
disintegrates (atomizes) into a mist of small droplets upon exiting the orifice. Whether 
breakup of a continuous jet occurs a short distance from a nozzle or the jet immediately 
disintegrates, viscous and inertia forces are found to govern breakup at velocities above 
the critical value where the sinuous disturbance grows at the same rate as the varicose 
disturbance.57,58,68,69 
The critical review of the literature calls for a careful investigation of the 
fundamental fluid physics of the ejection process enabled by the micromachined 
ultrasonic atomizer. Previously proposed theories of ultrasonically-driven droplet 
generation from micromachined devices lack sufficient physical justification and fail in 
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predicting behavior (e.g., threshold of ejection) observed in the ejection experiments. On 
the other hand, if jet-mode ejection occurs, the classical theories describing continuous jet 
breakup cannot be used for the acoustically-driven atomization investigated here, as they 
are only applicable to initially undisturbed, constant velocity jets.69 In particular, two key 
questions must be answered: (1) what are the competing physical processes that dictate 
under what conditions ejection is possible and (2) what controls the mode of ejection, i.e., 
whether a stream of discrete droplets or a continuous jet of fluid is produced, and if the 
latter occurs, what causes the jet to break into droplets (transition behavior). The ultimate 
goal is to develop scaling relationships in terms of relevant physical scales and 
dimensionless numbers that would allow an a priori prediction of the threshold and the 
mode of ejection, which would lead to rational design and operation of the device for any 
desired application.  
4.2.2 Conceptual Physics of the Ultrasonically-Driven Ejection Process 
The micromachined ultrasonic ejector operates in a periodic fashion with the 
pressure gradient applied near the orifice within the chamber in a pulsating, “push-pull” 
manner with a frequency equal to that of the waveform driving the piezoelectric 
transducer. Figure 4.11 illustrates a conceptual representation of the full ejection cycle 
that one could envision for the discrete-droplet (top) and continuous-jet (bottom) modes. 
During half of the cycle, the fluid near the nozzle orifice is being pushed out and 




Figure 4.11. Physical interpretation of the ejection process. Discrete-droplet (upper sequence) and 
continuous-jet (lower sequence) mode ejection processes are illustrated.  
the negative pressure gradient acts to slow down or reverse the direction of fluid flow. 
When the fluid element near the nozzle orifice carries sufficient inertia to overcome 
surface tension, ejection should occur, and the only effect of the negative pressure 
gradient during the “pull”-half cycle is to thin the neck upstream of the ejected fluid 
element near the nozzle orifice. If the neck of the ejected fluid element is sufficiently 
thin, the surface tension provides a driving force for neck breakup to form a droplet due 
to the thermodynamically favorable minimum specific surface energy of the droplet; 
however, this would only occur if the surface tension acts more quickly than the positive 
pressure gradient, due to the external acoustic pumping, is restored, leading to creation 
and ejection of an individual droplet as shown in the upper sequence of Figure 4.11. On 
the other hand, if the positive (pushing) pressure gradient replaces the negative (pulling) 
pressure gradient acting on the fluid faster than the surface tension can break the 
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interface, a wavy, but continuous jet should result as shown in the lower sequence of 
Figure 4.11. In this case, jet breakup and droplet formation may also occur under some 
conditions, but further away from the nozzle orifice. This conceptual description of the 
physics of the ejection process provides a theoretical framework for a detailed 
investigation of the origin and mechanisms of the acoustically driven fluid ejection 
process via scaling analysis of the basic fluid mechanics phenomena supported by the 
results of extensive high-spatial-resolution stroboscopic visualization experiments. 
4.2.3 Scaling Analysis: Relevant Time Scales and Dimensionless Numbers 
Scaling analysis provides a simple and elegant approach to gain basic insight into 
the physics of many fluid mechanics problems, and the one investigated in this thesis is 
no exception. When a fluid is slowly released from a large nozzle (e.g., a pendant 
droplet), the gravitational force must overcome the surface tension force for a droplet to 
form and detach;26 however, for systems characterized by an extremely small relevant 
length scale (i.e., droplet size), the gravitational force is negligible. Another force must 
drive the ejection process, and for the case under investigation, this is the periodic 
acoustic pumping. Since the size of the nozzle orifice roughly dictates the size of the 
ejected droplets in both drop-on-demand (DOD) and continuous-jetting devices,26,44-46,70 
the radius ro of the orifice is the natural choice of the characteristic dimension for scaling 
of the ejection process. The frequency of the standing pressure wave within the chamber 
is identical to that of the voltage waveform used to drive the piezoelectric transducer. The 
periodicity of the droplet ejection process dictates that the inverse of the driving 
frequency should be used as the characteristic time scale for the ejection process 
(hereafter called the process time scale tf). Since the scaling analysis is an approximate 
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technique and results are strictly valid for an “on the order of” basis, including numerical 
factors on the order of 1 (e.g., multiplying or dividing by 2) is beyond the predictive 
power of this method. In addition to the process time scale, three other time scales can be 
identified as relevant: 
(1) The inertial time scale tU characterizes the impetus for fluid motion and is defined 
as the ratio of the characteristic length scale ro to the velocity U of the fluid prior 
to ejection. 
(2) The capillary time scale tσ is the time scale at which the surface tension acts at the 
interface, thereby giving a measure of the time constant that defines the dynamics 
of the interface deformation. This time scale is a function of the surface tension σ, 
the characteristic length scale ro, and the fluid density ρ. 
(3) The viscous time scale tµ characterizes fluid relaxation via viscous forces 
generated by the fluid motion and is defined as the square of the characteristic 
length scale ro divided by the viscous diffusivity µ/ρ. 
























t = . (17) 
Following the conceptual framework for understanding the physics of the ejection 
process put forward in Section 4.2.2, when tσ < tf, the surface tension reacts more quickly 
than the positive pressure gradient is restored. This results in the disruption of the 
unstable neck of the wavy jet near the orifice, leading to creation and ejection of an 
individual droplet (discrete-droplet-mode ejection). On the other hand, when tσ > tf, the 
positive (pushing) pressure gradient replaces the negative (pulling) gradient acting on the 
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fluid element before the surface tension can break the interface, and this should result in 
continuous-jet-mode ejection. In this case, jet breakup and droplet formation will occur 
on a longer time scale due to surface tension, inertia, or viscous forces. Finally, one 
would expect that when tf ~ tσ the transition from droplet- to continuous-jet-mode 
ejection should occur (indeed this was observed in the representative experiments 
described in Section 4.1.4), when ejection starts as a jet which quickly (after one or two 
wavelengths) breaks up into droplets. These scaling arguments, although very simple, 
have significant implications on the selection of the design and operating conditions for 
ejectors that produce a desired mode (continuous-jet vs. discrete-droplet) of operation. 
The transition from continuous-jet ejection to individual-droplet generation can 
also be expressed by introducing the dimensionless Weber number, We = ρU2ro/σ, and 
Strouhal number, St = fro/U, based on the driving frequency, and determining the 
relationship between these parameters that marks the transition from continuous-jet- to 
discrete-droplet-mode ejection. From the scaling analysis, the transition is expected to 
occur when tf ~ tσ, implying that the critical Weber number for transition (Wec) must be 
of the order of the reciprocal of the square of the Strouhal number, 1/St2 (i.e., if We < 
Wec, individual droplet ejection is expected to occur, and We > Wec is expected to yield 
continuous-jet ejection for any given value of the Strouhal number). 
4.3 Validation: Comparison of Scaling Analysis Predictions and Experiments 
To support the theoretical development and to validate the predictions of the 
scaling analysis, a series of careful stroboscopic visualization experiments were 
performed following the experimental protocol discussed in Sections 4.1.2 and 4.1.3. As 
described in Section 4.1.4, representative experiments with different devices and under 
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different test conditions reveal that three possible modes of operation of the ultrasonic 
droplet ejector can be observed when an AC voltage signal of a certain frequency and 
amplitude is used to drive the piezoelectric transducer. These include: (1) no ejection 
(idling mode), (2) continuous-jet ejection which may (unstable-jet/transition mode) or 
may not (stable-jet mode) lead to breakup of the jet into droplets, and (3) individual 
discrete-droplet generation. These ejection modes have been found to consistently occur 
for ejection from devices of different geometries and under varying operating conditions. 
The data collected through the visualization experiments enable the time scales 
relevant to the ejection process to be determined for each test case. Tables 4.1–4.4 
provide a summary of these time scales for the cases of water ejection described in 
 
Table 4.1. Summary of operating parameters and time scales for ejection from the 5.9 µm orifice 
of a device with small channels etched in bulk silicon. 
Nozzle Diameter, do = 5.9 µm (Radius, ro = 3.0 µm) 
Mode Frequency, 



















D 0.952 3.6 12.4 11.8 1.05 0.25 0.60 
T 1.463 2.1 14.6 21.4 0.68 0.14 0.60 
J 2.100 2.5 10.9 22.9 0.48 0.13 0.60 
 
Table 4.2. Summary of operating parameters and time scales for ejection from the 11.9 µm orifice 
of a device with small channels etched in bulk silicon. 
Nozzle Diameter, do = 11.9 µm (Radius, ro = 6.0 µm) 
Mode Frequency, 



















J 0.937 3.2 17.0 15.9 1.07 0.37 1.69 
J 1.456 4.0 14.4 21.0 0.69 0.28 1.69 
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Table 4.3. Summary of operating parameters and time scales for ejection from the 4.5 µm orifice 
of a device with thin nitride membranes at the nozzle tips. 
Nozzle Diameter, do = 4.5 µm (Radius, ro = 2.3 µm) 
Mode Frequency, 



















D 0.444 4.1 19.3 8.6 2.25 0.26 0.40 
D 0.605 3.7 23.8 14.4 1.65 0.16 0.40 
D 0.785 3.5 13.9 10.9 1.27 0.21 0.40 
D 0.885 3.3 16.0 14.2 1.13 0.16 0.40 
D 0.978 3.0 12.7 12.4 1.02 0.18 0.40 
D 0.994 3.1 11.5 11.4 1.01 0.20 0.40 
D 0.990 3.1 16.4 16.2 1.01 0.14 0.40 
D 0.983 3.0 16.4 16.1 1.02 0.14 0.40 
D 1.044 3.1 22.6 23.6 0.96 0.10 0.40 
D 1.126 2.9 20.9 23.6 0.89 0.10 0.40 
D 1.410 2.7 18.0 25.4 0.71 0.09 0.40 
D 1.475 2.8 11.5 16.9 0.68 0.13 0.40 
D 1.475 2.7 15.6 23.0 0.68 0.10 0.40 
D 1.992 2.4 12.3 24.5 0.50 0.09 0.40 
D 2.521 2.1 11.1 27.9 0.40 0.08 0.40 
 
Sections 4.3.4.1 and 4.3.4.2 along with values for a number of additional experiments. 
Tables 4.1 and 4.2 contain data resulting from the experiments conducted with type 1 
devices featuring 5.9 and 11.9 µm, respectively, orifice channels etched in bulk silicon, 
and Tables 4.3 and 4.4 contain data for type 2 devices featuring 4.5 and 15.7 µm, 
respectively, orifices etched in thin (2.5 µm) nitride/tungsten membranes. Note that the 
viscous time scale has been omitted from Tables 4.1–4.4 because in all cases it is much 
larger, in most case by one to two orders of magnitude, than the other relevant time scales 
for all experimental conditions. In addition, although the acoustic field within the static 
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Table 4.4. Summary of operating parameters and time scales for ejection from the 15.7 µm orifice 
of a device with thin nitride membranes at the nozzle tips. 
Nozzle Diameter, do = 15.7 µm (Radius, ro = 7.9 µm) 
Mode Frequency, 



















T 0.455 3.5/5.8 26.98 12.3 2.20 0.64 2.58 
T 0.604 3.3/5.6 23.13 14.0 1.66 0.56 2.58 
J 0.604 3.5/NA 21.59 13.0 1.66 0.60 2.58 
T 0.604 3.3/5.0 18.50 11.2 1.66 0.70 2.58 
J
a 
0.775 3.3/5.8 18.89 14.6 1.29 0.54 2.58 
J 0.779 2.9/NA 18.50 14.4 1.28 0.54 2.58 
J
b 
0.881 3.1/4.8 19.27 17.0 1.14 0.46 2.58 
J
b 
0.883 3.1/4.8 18.50 16.3 1.13 0.48 2.58 
J
b 
0.883 2.9/4.8 17.35 15.3 1.13 0.51 2.58 
J 0.883 2.9/NA 16.19 14.3 1.13 0.55 2.58 
J
b 
0.986 3.1/4.4 14.65 14.4 1.01 0.54 2.58 
J
a 
1.057 3.3/4.8 20.43 10.8 0.95 0.73 2.58 
J 1.058 3.3/NA 13.49 14.3 0.95 0.55 2.58 
J 1.500 2.7/NA 11.56 17.3 0.67 0.45 2.58 
a Jet breakup occurs approximately six wavelengths from the orifice. 
b It appears that jet-mode operation would be observed; however, a non-axisymmetric disturbance 
causes the jet to breakup within 1–10 wavelengths of the orifice. 
fluid in the reservoir is generated due to the compressibility of the fluid, compressibility 
effects are neglected in the fluid dynamics analysis because, even for extremely large 
fluctuations in the pressure, the properties of the fluid change very little. 
Since operation in the idling (no-ejection) mode is difficult to characterize 
experimentally due to resolution limitations of the visualization optics, only results for 
discrete-droplet and continuous-jet mode of ejection are reported. The first column of the 
tables indicates the mode (D, discrete-droplet; J, continuous-jet; T, transition) of 
operation that was observed in a given experiment. For any ejection (either via jet or 
discrete-droplet mode) to occur, the inertial time scale tU must be sufficiently small and 
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smaller than the process time scale tf dictated by the frequency of the external force 
driving the ejection process. If the opposite is true, no ejection will take place. 
Comparison of the inertial time scale and the process time scale yields the scale for the 
minimum velocity of the ejected jet/droplets as given by U = rof. Thus, for an ejector 
operating in the 1–5 MHz frequency range, one would expect the minimum ejection 
velocity for 5 µm diameter droplets to be of the order of 2.5–15 m/s, which is consistent 
with the measurements reported in Tables 4.1–4.4. In addition, the inertial time scale tU is 
the smallest time scale when ejection takes place; however, it is important to note that the 
calculation of the inertial time scale for continuous-jet-mode operation assumes that the 
scale for jet velocity is equal to the velocity of the interface motion. This assumption is 
reasonable since the frequency of the surface waves is equal to the driving frequency. 
Tables 4.1–4.4 also elucidate the relationship between the process time scale tf 
and the capillary time scale tσ, which must be satisfied in order to achieve either discrete-
droplet or continuous-jet ejection. Indeed, when tf > tσ (5.93 µm orifice, 0.952 MHz and 
all 4.5 µm orifice cases) individual droplets are generated; however, when tf < tσ a 
transition to continuous-jet-mode generation is observed. This is consistent with the 
earlier scaling analysis argument that surface tension must react more quickly than the 
oscillating pressure gradient is reversed (to push the ejected fluid) during each cycle in 
order for ejection of individual droplets to occur owing to disruption of the neck near the 
ejection orifice. The opposite is true (i.e., the surface tension is not fast enough in 
affecting the interface deformation to lead to its rupture) for jet-mode operation. For the 
case shown in Figure 4.7, tf ~ tσ, and the jet quickly breaks up into droplets. This 
observation strengthens the conclusion that it is the relationship between tf and tσ that 
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delineates the transition from continuous-jet ejection to individual discrete-droplet 
generation; however, as was mentioned earlier, the transition from jet to droplet ejection 
does not take place at a single frequency for a given orifice diameter. The data provided 
in Table 4.4 suggest that for ejection from orifices etched into thin membranes this 
transition occurs over a range of frequencies, and in some cases, transition behavior is 
observed with a capillary time scale tσ up to 1.5 times the process time scale tf. This 
further demonstrates that the scaling analysis is an approximate technique and implies 
that transition occurs when tσ is on the order of tf and not necessarily equal to tf. 
Continuous-jet ejection from orifices etched in thin membranes requires special 
consideration. As is discussed in subsequent sections of this thesis, the presence of a thin 
membrane appears to introduce additional disturbances which may prematurely break a 
continuous-jet into droplets. 
As discussed in detail in Section 4.2.3, the scaling analysis suggests that the 
Weber number (We) and the Strouhal number (St) based on the driving frequency can be 
used to predict the transition from continuous-jet to discrete-droplet mode of ejection. 
That is, the critical Weber number (Wec) must be of the order of the reciprocal of the 
square of the Strouhal number, O(1/St2), for the transition to occur. It should be borne in 
mind that this transition criterion is applicable only if (1) it is the interplay between the 
surface tension and external ultrasonic pumping that defines the physics of ejection (i.e., 
it terms of time scales when tf ~ tσ), and also (2) the viscous forces are weak and act on 
much greater time scale (i.e., tµ >> tf, tσ). 
Figure 4.12 is a regime map defined by the transition Wec ~ O(1/St
2) relationship 
and populated with all experimental data points given in Tables 4.1–4.4. The 
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experimental results clearly support the predictions of the scaling analysis; that is, all 
operating points where discrete-droplet generation was experimentally observed do lie in 
the predicted droplet ejection domain, and all operating points where continuous-jet 
ejection was found to occur do lie in the theoretically-predicted continuous-jet ejection 
domain; as expected from the approximate (order-of-magnitude) nature of the scaling 
analysis, the transition from discrete- droplet to continuous-jet ejection is not 
instantaneous due to the presence of other factors of minor significance, which are not 
captured by the scaling analysis which only focuses on comparison of dominant physical 
mechanisms. Specifically, for the device with 15.7 µm orifices etched in thin membranes 
 
 
Figure 4.12. Regime map showing the relationship between the critical Weber number Wec 
defining the transition from continuous-jet operation to droplet generation and the Strouhal 
number St and a comparison with experimental results. The zone between the dashed lines 
indicates the region for transition between discrete-droplet and continuous-jet domains. 
a Jet breakup occurs approximately six wavelengths from the orifice. 
b It appears that jet-mode operation would be observed; however, a non-axisymmetric disturbance 
causes the jet to breakup within 1–10 wavelengths of the orifice. 
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data points representing the experimentally observed transition from discrete-droplet to 
continuous-jet mode of ejection lie within a narrow band between We = 1/St2 and We = 
3/St2, which is well within the fundamental limits of the predictive power of any scaling 
analysis. 
4.4 Additional Observed Ejection Phenomena 
The most important and fundamentally new result obtained from the high-spatial-
resolution visualization and scaling analysis of device operation under various operating 
conditions is that both discrete-droplet and continuous-jet ejection are possible, and that 
there is a predictable transition from one ejection mode to the other; however, a number 
of other interesting, and often unexpected phenomena have also been observed in 
experiments, which are summarized here and, in combination with data analysis, yield 
additional insight into the fascinating physics of ultrasonically-driven fluid ejection from 
micromachined liquid horns. 
4.4.1 Variation of Droplet Diameter with Driving Frequency 
Experiments performed at different resonant frequencies revealed that the 
diameter of the ejected droplets decreases with increasing frequency. For example, Figure 
4.13 shows that as the driving frequency increases from 0.444 to 2.521 MHz, the 
diameter of the droplets generated by a device with 4.5 µm orifices etched in thin 
membranes decreases significantly from 8.3 µm (Figure 4.13a) to 4.2 µm (Figure 4.13d). 
A simple mass balance applied to the fluid element near the tip of the orifice that is 




Figure 4.13. Droplet ejection from the 4.5 µm orifice etched in a thin membrane. Droplet 
generation occurs at driving frequencies of a) 0.444 MHz, b) 0.785 MHz, c) 0.978 MHz, d) 1.475 
MHz, and e) 2.521 MHz. 
cycle, an “imaginary” cylinder of fluid with diameter equal to that of the orifice (do) 
leaves the nozzle to become a spherical droplet of diameter dd. The length of the fluid 
cylinder is represented by the ratio of the fluid velocity U to the frequency f of operation. 















ρ = , (18) 
where ρo is the fluid density. The fluid velocity within the chamber prior to ejection does 
not depend on the frequency of operation as it is independently controlled by the 
amplitude of the voltage signal applied to the piezoelectric transducer; therefore, 
Equation (18) indicates that the droplet diameter scales with the cube root of the inverse 
of the frequency, f -1/3. A log-log plot of the droplet diameter as a function of frequency 
for ejection from the device with 4.5 µm orifices etched in thin membranes is given in 




Figure 4.14. Droplet diameter dd as a function of frequency f for ejection from the 4.5 µm orifice 
etched in a thin membrane. The experimentally determined relationship dd ~ f 
-0.38 follows closely 
the predicted trend (dd ~ f 
-0.33) obtained via mass balance considerations. 
(SigmaPlot,71 version 7.0) indicates that dd ~ f 
-0.38 (dark black line in Figure 4.14), which 
is sufficiently close to the predicted relationship of dd ~ f 
-0.33 given by Equation (18) 
(light gray line in Figure 4.14). 
4.4.2 Effect of Increasing the Amplitude of the AC Driving Signal 
Due to the large number of interacting variables affecting the ejection process 
from a particular orifice, it is difficult to establish an exact correlation between the 
amplitude of the AC voltage signal applied to the piezoelectric transducer and the 
velocity imparted to the fluid ejected from that orifice. However, if the threshold value of 
the voltage amplitude needed to initiate ejection from a particular nozzle of an ejector 
array operating at a given frequency is determined, the visualization experiments provide 
insight into the relationship between the voltage signal amplitude and the velocity of the 
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ejected fluid. Figures 4.15a–4.15c show the progression of ejected droplets from the 5.9 
µm orifice operating at 0.979 MHz as the applied peak-to-peak voltage is increased from 
a threshold value of 30 V needed to initiate ejection to 36 V. The images of the actual 
ejected droplets as well as that of their reflections from the silicon ejector surface (shown 
with an arrow pointer in Figure 4.15) indicate that as the amplitude of the driving voltage 
signal is increased, the spacing between the droplets and therefore the velocity of the 
ejected droplets also increases. 
Since the acoustic pressure field within the fluid chamber of the array is not 
laterally uniform as discussed in Section 3.3, the pressure gradient generated at the tip of 
each nozzle in the array is different. In order to force ejection from a large number of 
nozzles simultaneously, the piezoelectric transducer must be driven by applying an AC 
voltage signal beyond the threshold for ejection, and therefore the pressure gradient near 
the orifice of some nozzles may be much greater than that necessary for ejection. If this is 
the case, a third type of ejection shown in Figure 4.15d is observed. It is difficult to 
resolve the detail of the jet shown in Figure 4.15d because ejection is no longer periodic 
 
 
Figure 4.15. Effect of increasing the peak-to-peak amplitude of the AC voltage signal driving the 
piezoelectric transducer: a)–c) if ejection occurs in discrete-droplet mode, the velocity of the 
ejected droplets increases with increasing voltage amplitude (do = 5.9 µm, f = 0.969 MHz, 
ejection threshold = 30 V) and d) if ejection occurs in continuous-jet mode, an increase in the 
voltage amplitude eventually leads to ejection of a jet of fine mist (do = 15.7 µm, f = 0.454 MHz). 
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and in sync with the stroboscopic illumination, but from a close examination it appears to 
be a mist of extremely small droplets. Thus, it is possible that this mode of ejection 
represents what was termed “atomization” by Haenlin57 and Ohnesorge.58 
4.4.3 Breakup Due to Capillary Instability and Non-Axisymmetric Disturbances 
Continuous-jet ejection from the orifices etched into thin membranes exhibited 
some additional behavioral features not found in the case of ejection from the devices 
with small channels at the tips of the nozzles, which warrant further discussion. 
Specifically, a few data points, that are given in Table 4.4 and shown in Figure 4.12 with 
an identifying superscript symbol “a” in the legend, are for ejection which exhibits 
breakup of a continuous jet within the field of view of the microscope, but further away 
from the orifice. It appears that in these cases the jet breakup is caused by the capillary 
instability of the continuous jet as shown in Figure 4.16. Further, for the cases of jet 
ejection from a microchannel orifice etched through bulk silicon, the wavelength of the 
interface wave on the surface of the jet can be easily measured. On the contrary, for the 
case shown in Figure 4.16 (obtained with a membrane-based device) it is not possible to 
define a single interface wavelength; yet, the wavelength at which droplets break from 
the jet appears to remain constant at approximately 30 µm (close-up, Figure 4.16b). The 
diameter of the jet is estimated to be between 6 and 7 µm, which means that the ratio of 
the wavelength at which breakup occurs to the diameter of the jet is between 4.3 and 5. 
For a continuous jet undergoing an axisymmetric disturbance, Rayleigh53 found that the 
maximum instability (i.e., the fastest growth rate) occurs for a disturbance having a 




Figure 4.16. Breakup of a continuous jet due to capillary instability at a wavelength of 
approximately 4.5 times the jet diameter: a) disturbance wavelength and b) breakup wavelength. 
continuous jet shown in Figure 4.16 experiences broad band disturbances (e.g., with 
frequencies ranging from that of the oscillating pressure gradient to those of the 
membrane resonances), and Rayleigh’s “most dangerous” disturbance, which has the 
wavelength of maximum instability (growth rate), breaks the jet into droplets further 
downstream. 
In addition to disturbances due to the oscillating pressure gradient and possible 
membrane resonances, the devices featuring orifices etched into thin membranes also 
exhibit non-axisymmetric disturbances of the interface wave that appear to be caused by 
either the roughness of the orifice itself or trapped debris. Figure 4.17 illustrates this type 
of jet disturbance. A sheet of liquid (close-up, Figure 4.17b) periodically forms and sheds 
small droplets (close-up, Figure 4.17a) from the jet, which breaks up after traveling 
approximately five wavelengths from the orifice. 
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Figure 4.17. Breakup of a continuous-jet due to a non-axisymmetric periodic disturbance. 
4.5 Concluding Remarks on the Fluid Mechanics of Atomization 
In this chapter, the fundamental physics governing the ultrasonically-driven fluid 
ejection from an array of micromachined liquid horns has been explored via 
complimentary experimental and theoretical investigation. In particular, stroboscopic 
visualization of the periodic ejection of water at MHz-frequencies has been used to reveal 
the details of the liquid interface evolution during the ejection process with a spatial 
resolution of down to 1.5 µm. Following the development of a conceptual framework that 
qualitatively explains the ejection process, an analysis of the relevant time scales has 
been used to quantitatively explain the observed trends in behavior as well as the 
measurement data obtained through the visualization experiments. Device operation 
covering a wide range of experimental conditions has enabled the differences in fluid 
ejection between micromachined ejector devices with two different orifice designs 
(membrane-based vs. microchannel-based nozzle termination) to be investigated in detail. 
Specifically, the effects of orifice diameter (in the range of 4.5–15.7 µm), operating 
frequency (in the range of 0.44–2.52 MHz), and amplitude of the driving AC voltage 
signal applied to the transducer (in the range 10–100 V) were quantified with respect to 
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the threshold for ejection, the mode of ejection, and the ejection velocity. The results 
have been presented in terms of a regime map using relevant dimensionless numbers. 
These concerted experimental and theoretical efforts have led to the following specific 
conclusions: 
• Regardless of the specific device design, ejection can be made to consistently 
occur via two distinctly different modes: (1) by forming a stream of individual 
droplets (termed “discrete-droplet” mode) or (2) as a continuous jet (termed 
“continuous-jet” mode). The highly periodic ejection occurs at the same 
frequency as that of the driving ultrasonic excitation, which either results in 
formation and ejection of a new droplet at each cycle for operation in the discrete-
droplet mode or, in the case of continuous-jet mode of operation, establishment of 
a constant wavelength periodic wavy interface. The gradual transition from 
continuous-jet ejection to droplet formation, which is defined by jet breakup very 
near (within ~1–2 orifice diameters) the nozzle orifice,  is induced by changing 
the balance between the surface tension (capillary) and acoustic pumping 
(process) effects. 
• When the interplay between surface tension and the acoustic pumping does not 
result in discrete-droplets, two other modes of breakup of the resulting jet have 
been observed.  These are more random in nature, difficult to establish at will, and 
occur either in the far-field (termed Rayleigh-type due to the observed similarity 
to the classical Rayleigh-type breakup of jets53,54,66)  or as a violent explosion of 
the jet into a mist of small droplets immediately upon ejection (termed 
“atomization” following the pioneering work of Haenlin57 and Ohnesorge58). The 
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Rayleigh-type transition has been shown to occur only in the membrane-
terminated liquid horns, wherein broad-band disturbances (covering a wide range 
of frequencies), including the most unstable one leading to eventual jet breakup, 
are excited on the free surface of the jet. 
• The criterion that defines the gradual transition from continuous-jet ejection to 
individual-droplet generation has been established through comparison of four 
relevant time scales: the process time scale, tf = 1/f, the inertial time scale, tU = 
ro/U, the capillary time scale, tσ = (ρro3/σ)1/2, and the viscous time scale, tµ = 
ρro2/µ. It has been demonstrated that the capillary and the process time scales 
define the ejection mode for operation in the range of experimental conditions 
described above with water as the working fluid, i.e. when tσ < tf, ejection of 
individual droplets results, and tσ > tf  leads to continuous-jet mode of ejection. 
The transition from continuous-jet to discrete-droplet mode of ejection has been 
found to occur when tf ~ tσ. Due to the approximate nature of the scaling analysis 
this transition occurs over a narrow range of operating conditions for which tσ is 
“on the order of” tf and not necessarily equal to tf. These predictive scaling 
relationships have been verified experimentally for a wide range of operating 
conditions, enabling not only clear insight into the basic physics of the ejection 
process, but also making them practically useful as simple design rules for 
optimal device operation. 
• The gradual transition between ejection modes can also be expressed by 
introducing the dimensionless Weber number, We = ρU2ro/σ, and Strouhal 
number, St = fro/U, based on the driving frequency. The transition occurs when tf 
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~ tσ suggesting that the critical Weber number for transition (Wec) must be of the 
order of the reciprocal of the square of the Strouhal number, 1/St2 (i.e., if We < 
Wec, individual droplet ejection is expected to occur, and We > Wec is expected 
to yield continuous-jet ejection for any given value of the Strouhal number). 
These predictions have been confirmed experimentally. 
• An increase in the ejection frequency has been shown to lead to a decrease in the 
ejected droplet diameter (for the discrete-droplet mode of ejection) according to 
the experimentally determined relationship dd ~ f 
-0.38. It has been shown that such 
behavior can be explained using simple mass conservation considerations in the 
limit of a single ejected droplet, which yields a theoretical scaling law (dd ~ f 
-0.33). 
This result is in excellent agreement with experiments. 
• The threshold for ejection has been shown to occur when the piezoelectric 
transducer supplies sufficient power to accelerate the fluid near the orifice to 
achieve a minimum velocity, which is given by the product of the orifice radius 
and operating frequency, U = rof. Thus, for an ejector operating in the 1–5 MHz 
frequency range, one would expect the threshold ejection velocity for 
representative 5 µm diameter droplets to be of the order of 2.5–25 m/s, which has 
been confirmed experimentally for a wide range of conditions. An increase in 
amplitude of the electrical signal driving piezoelectric transducer beyond the 
critical ejection threshold leads to an increase in the number of active ejectors in 
the array as well as an increase in the velocity of ejected fluid beyond that given 
by the threshold relationship; however, this increase is non-linear and may result 
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in an unpredictable change in the ejection mode, for example, from stable 
continuous-jet ejection to uncontrollable “atomization”. 
 
Although the scaling analysis has been shown to enable accurate definition of 
which physical processes dictate under what conditions ejection is possible and what 
controls the mode of ejection for the entire range of investigated experimental conditions, 
the results and thus the conclusions presented in this chapter are only valid when the 
interplay between acoustic pumping and surface tension controls the atomization process. 
For water as a working fluid, the viscous time scale tµ is one to two orders of magnitude 
greater than the time scales for the process (acoustic-pumping frequency) and capillary 
effects (surface tension) for all experimental cases, which makes the presented analysis 
physically sound and quantitatively accurate. However, as the radius of the orifice 
decreases (tµ ~ ro
2) or if a higher viscosity fluid is employed (tµ ~ µ -1), the viscous time 
scale will become important. It is therefore important to establish the limits of validity of 
the scaling analysis reported here in terms of the fluid properties and device geometry. 
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CHAPTER 5   
MODELING OF THE INTERFACE EVOLUTION 
DURING EJECTION 
 
The commercial computational fluid dynamics (CFD) software Fluent72 is used to 
model the interface evolution during fluid ejection. Although the high-spatial-resolution 
visualization experiments have provided a detailed description of the ejection process, 
they are unable to fully validate the previously developed conceptual framework. It is 
likely that the phenomena that dictate the mode of ejection (i.e., discrete-droplet vs. 
continuous-jet) do not occur within the field of view of the microscope. Further, the most 
important features that determine the initial interface evolution (i.e., formation of a neck, 
its thinning and disruption, and eventual droplet ejection) occur within the nozzle orifice, 
and therefore are out of reach of the camera. The CFD analysis not only provides details 
of the flow within the liquid horns of the ejector before the fluid exits the orifice, but it 
also yields information about the flow within an ejected droplet or the jet itself. 
The scaling analysis has been shown to accurately predict the physical conditions 
for which ejection is possible as well as what controls the mode of ejection for the range 
of experimental conditions investigated; indeed, the analysis presented in Chapter 4 is 
only appropriate when the interplay between acoustic pumping and surface tension 
controls the ejection process. However, as the orifice radius decreases or if the viscosity 
of the working fluid increases, viscous effects become important. The Fluent simulations, 
once validated using experimental data, allow one to perform “virtual” experiments in 
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order to establish the limits of validity of the scaling analysis, and therefore provide 
further insight into the physics governing the ejection process. 
5.1 Volume of Fluid Method 
5.1.1 Review of Techniques for Modeling Free-Surface Flows 
The complexity associated with modeling free-surface flows motivates 
development of reduced-order methods and simplified equations which are still capable 
of capturing the fundamental physics governing these problems. To this end, a review of 
the techniques for modeling free-surface flows is given to establish the limits of 
applicability of each method. 
The one-dimensional (1-D) or slender-jet approximations accurately describe the 
dynamics of drop formation and jet breakup for three-dimensional, axisymmetric and 
two-dimensional situations in which the fluid flow is directed mostly along the axis so 
that the velocity field is effectively one-dimensional. Although Lee73 and Pimbley74 
earlier developed 1-D models while studying the dynamics of inviscid jets, only later had 
the first derivations of the correct set of 1-D counterparts of the Navier-Stokes (N-S) 
system of equations been carried out by Bechtel et al.75 for jets in which inertia, viscosity, 
surface tension, and gravity were the dominant effects. They used a perturbation method 
to obtain 1-D equations to arbitrarily high order. Similar derivations have been performed 
by Ting and Keller76 for an inviscid jet, and Eggers,77 Eggers and Dupont,78 Garcia and 
Castellanos,79 and Papageorgiou80 for viscous jets. Eggers and Dupont78 and Garcia and 
Castellanos79 coupled the surface tension/curvature term to all orders to the leading order 
approximations of other physical effects. Although this allowed their numerical results to 
closely match experiments, according to Bechtel et al.81 this ad hoc model was not 
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derived self-consistently from the three-dimensional (3-D) N-S equations. The 1-D 
approximations are found to be broadly applicable close to pinchoff of a droplet that is 
grown quasi-statically, and recently Ambravaneswaran et al.82 have evaluated the 
accuracy of 1-D algorithms over a wider range of governing parameters that included the 
effects of viscous, inertial, and capillary forces and found the approximations to be 
reasonably accurate. 
The main contribution of the 1-D models has been a better understanding of the 
microscopic details of interface rupture. Shi et al.83 and Brenner et al.84 showed 
experimentally and computationally that a series of necks are formed from the main 
thread just before breakup. Eggers77 demonstrated the continuation of the governing 
macroscopic equations through the point at which the interface ruptures by solving the 1-
D equations before and after breakup. Although Eggers47 has asserted that the 1-D 
models correctly predict the global shape, the drop size, and the length of the neck if 
higher-order corrections are included in the analysis, these models have not been able to 
capture these macroscopic features at any given flow rate and the microscopic features of 
the flow simultaneously.85 For this reason, the 1-D Navier-Stokes equations are not 
expected to accurately predict the behavior of the flow presently under investigation. 
The boundary element/boundary integral methods reduce the 3-D, axisymmetric 
problem to solution of a 1-D integral equation. Schulkes86 analyzed drop formation of an 
inviscid fluid by numerically solving the potential flow problem using boundary 
integrals. By forcing the calculation to continue past the interface rupture, he was able to 
study the recoiling of the thread and the formation of satellite droplets. The opposite 
extreme of Stokes flow was considered by Zhang and Stone87 who also applied boundary 
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integral methods to the analysis of droplet formation from a vertical capillary tube. The 
boundary element/boundary integral methods yield extremely accurate results for 3-D, 
axisymmetric flows; however, their utility is limited either to inviscid, irrotational cases 
or to Stokes flow situations. 
Wilkes et al.85 have attempted to address the shortcomings of 1-D slender jet 
approximations and boundary element/boundary integral methods by introducing a finite 
element method (FEM) for modeling drop formation from a capillary tube. This was 
accomplished by using a deforming mesh that conforms to the liquid phase allowing for 
extremely large interface deformations. The resulting computational algorithm was 
highly accurate and not restricted to the limit of creeping flow or that of irrotational flow 
of an inviscid fluid. The results reported by Wilkes et al.85 extend only to the point of 
breakup; however, Notz et al.88 have used the same FEM algorithm to extend this 
analysis beyond the bifurcation point. This analysis established the presence of 
overturning of portions of the interface; therefore, 1-D models could not be used to 
predict the dynamics of satellite droplets for the range of parameters considered. 
Surface/volume tracking schemes are the most general methods for describing the 
break up and coalescence that occur in many free surface flows. Surface tracking 
methods include the front tracking scheme of Unverdi and Tryggvason,89,90 an approach 
based on the level set method used by Sussman et al.,91,92 and the surface capturing 
technique of Kelecy and Pletcher.93 Volume tracking techniques include the marker and 
cell (MAC) method that was developed by Harlow and Welch94 and volume of fluid 
(VOF) techniques first introduced by Hirt and Nichols.95 In MAC, massless Lagrangian 
marker particles are advected with the local fluid velocity such that cells with markers are 
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the fluid and fluid cells that are bordering empty cells are the interface. In VOF, a 
fractional volume or color function is defined that indicates the fraction of a mesh cell 
that is filled with a particular fluid. 
5.1.2 Methodology 
The VOF technique is used in the present work due to its applicability to free 
surface flows where interface breakup and coalescence are important. A limited review of 
VOF methods has been presented by Eggers,47 while a more comprehensive discussion of 
the evolution of VOF techniques including various advection methods is given by 
Rudman,96,97 Rider and Kothe,98 and Harvie and Fletcher.99 The basic idea of VOF is to 
retain the volume data in each cell of a fixed computational domain as a volume fraction 
C, thereby mixed cells that define the interface between two fluids will have a volume 
fraction between zero and one, and cells away from the interface will have a volume 
fraction equal to zero or unity. The interface between two fluids is then tracked by 
advancing fluid volumes forward in time through the solution of an advection equation. 
5.1.2.1 Modeling Technique 
If inertia, viscosity, and surface tension are the dominant effects, the 3-D non-
dimensionalized Navier-Stokes equations of motion for a two-phase (liquid-gas), 
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0=⋅∇ U , (22) 
where C is the volume fraction of the liquid, U is the velocity vector, P is pressure, FS is 
a body force that is used to account for interfacial effects, τ is the shear stress tensor, and 
the dimensionless density ρ is the weighted average of the scaled densities, ρ1 and ρ2, of 
the two fluids, the liquid and gas in this case (note that all other properties, e.g., viscosity, 
are also computed in this manner).97 The Weber number We and Reynolds number Re 
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where U and l are appropriate velocity and length scales, respectively, ρo and µo are the 
density and viscosity scales, respectively, for the liquid, and σ is the surface tension 
between the participating fluids (72.5x10-3 N/m for water in air). Details of the 
implementation of the volume of fluid (VOF) solution technique in Fluent are provided in 
Appendix G. 
5.1.2.2 Incorporating the Effect of Surface Tension 
In Equations (19)–(22), the effect of interfacial tension has been accounted for 
through the use of an equivalent virtual body force as first introduced by Brackbill et 
al.100 as the continuum surface force (CSF) method. This is the same model that is used 
by Fluent.72 An expression for the body force due to surface tension is given by 
Rudman97 as 
( )nFS ˆIrκδ= , (24) 
where κ is the radius of curvature of the interface at a location rI, δ(rI) is a one-
dimensional indicator function that is zero everywhere except at the interface, and n̂  is 
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the unit normal to the interface. The unit normal, nnn =ˆ , is constructed from the 
interface normal C∇≡n , where as before, C is the scalar function that indicates the 
volume fraction of the liquid in a given computational cell. The curvature κ is defined in 
terms of the divergence of the unit normal, n̂⋅∇=κ . It is also convenient to define the 
interface indicator function ( ) n=Irδ .97 Richards et al.101,102 accounted for surface 
tension by implementing the same technique in cylindrical, axisymmetric coordinates. 
5.1.2.3 Advection of the Volume Fraction C 
The greatest variation between implementations of VOF techniques is found in 
the method by which the volume faction C is advected. Interface geometry reconstruction 
methods usually fall into one of two general categories, piecewise constant or piecewise 
linear. Although multidimensional algorithms exist, typical implementations are still 
quasi-one-dimensional and operator splitting, i.e., performing an xi-direction sweep 
followed by an xj-direction sweep, is used to obtain multidimensionality. The simplest 
reconstruction technique is the simplified line interface calculation (SLIC) method that 
defines the interface in a cell using a straight line parallel to one of the coordinate 
directions. The method of Hirt and Nichols95 is similar in principle to SLIC, but uses 
eight neighboring cells to estimate the surface normal, whereas in SLIC only the four 
adjacent cells are used. A more accurate interface reconstruction technique was 
introduced in Youngs’103 VOF method. The interface within a cell is approximated by a 
straight line segment that cuts the cell such that the fractional fluid volume is conserved. 
Increased accuracy is achieved because the interface does not have to be parallel to one 
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of the coordinate directions. Fluent72 uses Youngs’103 advection scheme to track the 
liquid-air interface. 
5.1.2.4 Simulation Domain 
Fluent simulations are performed for conical, 3-D axisymmetric nozzles, which 
are represented by the two-dimensional (2-D) domains shown in Figure 5.1. Results are 
obtained for both microchannel-based (type 1, Figure 5.1a) and membrane-based (type 2, 
Figure 5.1b) nozzle terminations. In both cases, the circular sector (AN in Figure 5.1a and 
AFP in Figure 5.1b) centered at point C serves as the fluid inlet. The walls of the nozzle 
and microchannel (or membrane) are represented by line NGHK in Figure 5.1a (or 
PNGHK in Figure 5.1b), the fluid outlet by lines KLMJF and KLMJE in Figures 5.1a and 
5.1b, respectively, and the axis of symmetry by line ABDEF in Figure 5.1a and line 
AOBDE in Figure 5.1b. Lines DH and BH in Figures 5.1a and 5.1b, respectively, 
represent the nozzle orifice. 
For simulations using the type 1 domain (Figure 5.1a), the centerline distance lc 
from the fluid inlet to the nozzle orifice is 30 µm, the length lmc of the microchannel at 
the nozzle tip is 10 µm, and the radius ro is 3 µm (corresponding to an orifice diameter of 
6 µm). For all simulations using the type 2 domain (Figure 5.1b), the half-width (radius) 
and thickness of the membrane are set at 10 and 2.5 µm, respectively. In addition, 
ejection from orifices with radii of 1.5, 2.5, and 6.5 µm is simulated. The centerline 
distance from the fluid inlet to the nozzle orifice is set at 27.5 µm for domains with 1.5 
and 2.5 µm radius orifices, and is increased to 47.5 µm for the 6.5 µm radius orifice. 
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Figure 5.1. Two-dimensional (2-D) computational domains used to simulate ejection from 
conical, three-dimensional (3-D) axisymmetric nozzles representing the pyramidal nozzles of the 
ejector: a) domain with microchannel nozzle termination and b) domain with membrane nozzle 
termination. The nozzle domain initially filled with liquid is shaded. 
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Sensitivity studies were performed to minimize grid dependency on the mesh 
density, cell shape, and domain size. It is recommended that quadrilateral elements be 
used in portions of the domain where surface tension effects are thought to be 
important;72 however, a comparison of results obtained by meshing the interior of the 
nozzle (area A1 in Figure 5.1a and areas A1 and A5 in Figure 5.1b) with triangular and 
mapped quadrilateral elements for both 2-D simulation domains revealed no noticeable 
difference in the observed interface evolution. 
The size and shape of the elements within the microchannel (or membrane orifice) 
are found to have the greatest effect on the simulation results. If the element size is not 
small enough to capture the quickly advancing interface during the “push”-half of the 
ejection cycle, air will become artificially trapped within the liquid phase. This problem 
is minimized by meshing the area within the microchannel (or membrane orifice) with 
mapped quadrilateral elements with a radial mesh density ranging from 10 elements per 
µm for the 1.5 µm radius orifice to approximately 4 elements per µm for the 6.5 µm 
radius orifice and an axial mesh density of 10 elements per µm for all cases; however, 
even with this refined mesh, the presence of trapped air remains a problem for the cases 
exhibiting transition (continuous-jet to discrete-droplet mode of ejection) behavior. 
The sensitivity of the results with respect to the size (width wa and length la) of 
the external domain was also investigated. As long as wa is greater than three orifice 
diameters and la is long enough to capture two wavelengths (droplet-to-droplet or 
interface crest-to-interface crest) of the ejection cycle no difference is observed in the 
ejection results. For the type 1 simulation domain, the minimum length (40 µm) of the 
external domain is limited by a maximum ejection velocity of ~20 m/s and a minimum 
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operating frequency of 1 MHz. Since all simulations using the type 2 domain are 
performed at an ejection velocity of approximately 10 m/s (see Section 5.4), the 
minimum length of the external domain is also limited to 40 µm by the lowest operating 
frequency (500 kHz) investigated. 
5.1.2.5 Initial and Boundary Conditions 
The velocity field and gage pressure are initialized to 0 for the entire simulation 
domain. A liquid volume fraction of 1 is then “patched” on the cells in the portion of the 
domain representing the nozzle, i.e., the nozzle is initially filled with liquid as illustrated 
by the shaded areas of Figure 5.1. In addition, it is recommended that the reference 
pressure be located at a position that will always contain the gas phase.72 Therefore, the 
reference pressure location is moved from the default origin point O to a location near 
point M (see Figure 5.1).  
The ANSYS36 simulations indicate that the amplitude of the oscillating pressure 
field is uniform along a hemispherical section centered around the orifice. Therefore, an 
oscillating pressure boundary condition is applied to the circular sector (lines AN and 
AFP in Figures 5.1a and 5.1b, respectively) representing the fluid inlet using a user 
defined function (UDF) in Fluent. The amplitude AP of this oscillating pressure is used to 
control the velocity of the ejected fluid such that a valid comparison between the Fluent 
simulations and experiments can be made. The boundary of the external domain is 
specified as a pressure-outlet in Fluent,72 which uses a global mass balance to ensure that 
the outflow is equal to the inflow at the fluid inlet. 
A no-slip condition is applied at the walls of the nozzle and microchannel (or 
membrane). In conjunction with the surface tension model described above, a wall 
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contact angle θw of 90° is prescribed. Following the method of Brackbill et al.,100 this 
contact angle is not imposed as a boundary condition at the wall itself, but rather the 
contact angle that the fluid is assumed to make with the wall is used to adjust the surface 
normal in cells near the wall so that the surface normal of cells adjacent to the wall is 
wwww tnn θθ sinˆcosˆˆ += , (25) 
where wn̂  and wt̂  are the unit vectors normal and tangential to the wall, respectively. 
5.1.2.6 Convergence and Determination of Periodic Steady State 
An implicit time discretization scheme with a time step of 5x10-10 s is used in the 
solution of the momentum and continuity equations. Fluent uses an explicit time-
marching scheme to solve the volume fraction advection equation.72 The time step used 
in the explicit scheme is automatically determined to ensure stability of the solution; 
however, the time step calculation can be influenced by modifying the Courant number 
(see Appendix G). Convergence within each time step is achieved when the residuals 
corresponding to the velocity components and continuity drop to 1x10-7, which usually 
occurs after approximately 20 iterations. This represents a decrease in the residuals of 
about four orders of magnitude. 
Solution of the transient problem is concluded when a periodic steady state is 
reached, i.e., the liquid air interface profile at a particular phase of the ejection cycle is 
identical to the profile at the same phase of the previous cycle. Starting from the initially 
flat liquid-air interface at the nozzle orifice, most simulations achieve a periodic steady 
state after approximately 15–20 ejection cycles. 
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5.2 Validation of the Simulations 
Validation of the Fluent simulations has been achieved through a comparison of 
the predicted interface evolution and the high-spatial-resolution images that were 
acquired during the visualization experiments. Experimentally-acquired images 
corresponding to the discrete-droplet and continuous-jet modes of ejection, along with the 
transition from jet to droplet ejection, were used for the validation study. The 
experiments were performed with the first device design (type 1 from Chapter 4) that 
featured a short channel with a length of approximately 5.0 µm and a 5.9 µm diameter 
orifice. For this device, discrete-droplet and continuous-jet ejection occurred at driving 
frequencies of 0.952 and 2.100 MHz, respectively; the transition between these two 
modes of operation was found at an operating frequency of 1.463 MHz. The type 1, 2-D 
axisymmetric domain used to simulate ejection from this device is shown in Figure 5.1a. 
The centerline distance from the oscillating pressure boundary to the nozzle exit was 30 
µm, and the microchannel at the apex of the nozzle was 10 µm long and 3 µm in radius 
(corresponding to an orifice diameter of 6 µm). As was previously discussed, the 
amplitude AP of the oscillating pressure at the boundary representing the fluid inlet was 
adjusted in order to achieve a desired ejection velocity. Since the amplitude of the 
acoustic pressure at the boundary is not measurable, for each of the simulations 
performed in the validation study, an attempt was made to adjust AP in order to exactly 
match the ejection velocity to that observed experimentally.  
Figures 5.2a through 5.2c provide side-by-side comparisons of the simulation 
results and experimentally-obtained images for each of the observed modes (discrete-
droplet, continuous-jet, and transition) of ejection. Although good qualitative agreement 
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is seen between the simulation results and the acquired images for the droplet and jet 
ejection cases (Figures 5.2a and 5.2c, respectively), the transition from droplets to jet is 
not predicted at a frequency of 1.463MHz; the simulations show ejection of a continuous 
jet. This is, however, not surprising as the Fluent simulations cannot be expected to 
predict the exact frequency at which the transition from droplet to jet ejection occurs. 
Even this rather sophisticated analysis involves making a number of idealizations, 
including the geometry of the simulation domain (e.g., representing pyramidal nozzles by 
axisymmetric cones), and a large number of variables are not necessarily accounted for in 
the model (e.g., contact angle evolution and thermal effects due to viscous heating are 
neglected, which may affect relevant physical properties such as density, viscosity, and  
 
 
Figure 5.2. Comparison of experimentally-acquired images and simulations of fluid ejection from 
the ~6.0 µm orifice of a device with short channels at the tips of the nozzles: a) discrete-droplet 
mode of ejection at a frequency of 0.952 MHz and droplet velocity of 12 m/s, b) transition from 
droplet to jet mode of ejection at a frequency of 1.463 MHz and droplet/jet velocity of 21 m/s, 
and c) continuous-jet mode of ejection at a frequency of 2.100 MHz and a jet velocity of 22 m/s. 
The left side of the simulated virtual ejection images shows the interface profile, and the right 
provides contours of the axial velocity, which ranges from a maximum of ~40 m/s within the 
channel to a minimum of between 12 and 20 m/s in the ejected liquid. 
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surface tension). However, based on the simulation results shown in Figures 5.2a and 
5.2b, the transition from discrete-droplet to continuous-jet mode of ejection is predicted 
to occur within a fairly narrow range of frequencies between 0.952 and 1.463 MHz, 
which indicates that the simulations do in fact capture the essential physics governing the 
ejection process. 
5.3 Confirmation of the Conceptual Description of the Ejection Process 
By enabling the interface evolution within the nozzle orifice to be observed 
during the ejection process, the Fluent simulations can confirm the description of the 
ejection process introduced in Chapter 4 and used as a conceptual framework for the 
scaling analysis. Figure 5.3 provides sequential virtual images of simulated droplet 
ejection from the 1.5 µm radius orifice of the type 2 simulation domain. For this case, the 
frequency of the oscillating pressure boundary condition at the fluid inlet is 1.0 MHz. 
Figure 5.4 provides sequential virtual images of jet ejection from the 6.5 µm radius 
orifice of the type 2 simulation domain at a driving frequency of 1.0 MHz. The delay 
between successive images is such that a complete period of ejection is shown for each 
case. 
In Figure 5.3, the “push”-half cycle during which the fluid is pushed out of the 
nozzle orifice and accelerated by the positive pressure gradient is represented by frames 1 
through 5. During the other “pull” half of the cycle (frames 5 through 9), the negative 
pressure gradient slows down and reverses the direction of flow, thus forming and 
thinning the neck upstream of the ejected fluid volume. 
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Figure 5.3. Fluent simulation results representing the interface profile at different instants of time 
during a single period of discrete-droplet ejection from a 3.0 µm diameter orifice at 1.0 MHz. 
Similar behavior is seen in Figure 5.4. In the first five frames, the positive 
pressure gradient pushes the fluid from the nozzle orifice, and in frames 5 through 9, the 
negative pressure gradient acts to reverse the direction of flow and thin the neck of the 
ejected fluid; however, in this case, the neck is not sufficiently thin to allow surface 
tension to break the interface, and a wavy, continuous jet results. The simulations 
therefore confirm the conceptual framework put forward earlier (Figure 4.11 of Chapter 
4) that describes the origin and mechanisms of the droplet ejection process. This also 
indirectly validates the method and predictions of the scaling analysis, which was 
developed in Chapter 4 based on this conceptual understanding of the ejection physics to 




Figure 5.4. Fluent simulation results representing the interface profile at different instants of time 
during a single period of continuous-jet ejection from a 13.0 µm diameter orifice at 1.0 MHz. 
5.4 Validation of the Scaling Analysis Using the Simulations 
In order to determine the limits of validity of the scaling analysis discussed in 
Chapter 4, simulations are performed for a range of test conditions with the geometry of 
the type 2 domain shown in Figure 5.1b. For all simulations, the half-width (radius) and 
thickness of the membrane are set at 10 and 2.5 µm, respectively. Ejection from orifices 
with radii of 1.5, 2.5, and 6.5 µm is investigated at frequencies ranging from 0.5–2.0 
MHz. The centerline distance from the oscillating pressure boundary to the exit of the 
nozzle is set at 27.5 µm for domains with the 1.5 and 2.5 µm radius orifices, and is 
increased to 47.5 µm for the 6.5 µm radius orifice. In order to remove the effect of 
changing velocity, an attempt is made to adjust the amplitude AP of the process-driving 
pressure oscillation representing the fluid inlet boundary condition such that the velocity 
of the resulting droplets/jet will be approximately 10 m/s for the cases used to validate 
the scaling analysis. 
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Table 5.1 provides a summary of the time scales for water ejection from the 
nozzle geometries described above, as computed from virtual Fluent simulation 
experiments. As predicted by the scaling analysis, the simulated inertial time scale tU is 
the smallest time scale for all cases. The scaling analysis argument that the relationship 
between the process time scale tf and the capillary time scale tσ prescribes the mode 
(discrete-droplet vs. continuous-jet) of ejection is also supported by the simulation data 
corresponding to ejection from the 1.5 and 6.5 µm radius orifices (Table 5.1). Indeed, for 
these nozzles, when tf > tσ, ejection does occur as discrete droplets (Figure 5.5a), and 
when tf < tσ, ejection of a continuous jet is observed (Figure 5.5c). In addition, for the two 
cases of ejection from the 6.5 µm radius orifice with time scales corresponding to 
transition behavior (tf ~ tσ
), it appears that a continuous-jet is ejected and then quickly 
breaks into droplets approximately two wavelengths from the exit of the orifice as shown 
in Figure 5.5b (as previously mentioned, operation near the transition from discrete-
droplet to jet mode of ejection exhibits greater problems with air becoming trapped 
within the liquid). Thus, these simulation results unconditionally support the conclusions 
of the scaling analysis. 
The data corresponding to ejection from the 2.5 µm radius orifice in Table 5.1 
also follow the trend predicted by the simple scaling analysis, but it appears that the 
transition from discrete-droplet to continuous-jet mode of ejection is predicted to occur at 
lower frequencies than expected. For the two highlighted cases, tf > tσ, yet jet-mode 
ejection is clearly observed. Granted, the magnitude of the process time scale is greater 




Figure 5.5. Fluent simulation results representing the three observed modes of ejection: a) 
discrete-droplet mode of ejection from a 3.0 µm diameter orifice at 2.0 MHz, b) transition from 
discrete-droplet to continuous-jet mode of ejection from a 13.0 µm diameter orifice at 0.500 
MHz, and c) continuous-jet mode of ejection from a 13.0 µm diameter orifice at 2.0 MHz. 
could also fall into the jet-to-droplet transition regime due to the approximate (order-of-
magnitude) nature of the scaling analysis method; however, perhaps another phenomenon 
is at work. As the radius of the orifice decreases, the viscous time scale (tµ ~ ro
2, see 
chapter 4) approaches the process and capillary time scales. Indeed, for the 1.5 and 
2.5µm radius orifices, tµ is only at most one order of magnitude greater than tf and tσ, and 
thus viscous effects may become important and need to be taken into account. The  
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Table 5.1. Summary of operating parameters and time scales for simulation of ejection from the 
orifice of two-dimensional (2-D) axisymmetric nozzle with a 10 µm wide, 2.5 µm thick 
membrane. 
Mode Frequency, 
















D 0.500 1.5 2.00 0.15 0.22 2.51 
D 0.667 1.5 1.50 0.15 0.22 2.51 
D
 
1.000 1.5 1.00 0.15 0.22 2.51 
D 1.500 1.5 0.67 0.15 0.22 2.51 
D
a 
2.000 1.5 0.50 0.15 0.22 2.51 
D 0.500 2.5 2.00 0.25 0.46 6.98 
D 0.667 2.5 1.50 0.25 0.46 6.98 
D 1.000 2.5 1.00 0.25 0.46 6.98 
J 1.500 2.5 0.67 0.25 0.46 6.98 
J
 
2.000 2.5 0.50 0.25 0.46 6.98 
T
b 
0.500 6.5 2.00 0.65 1.95 47.17 
T
 
0.667 6.5 1.50 0.65 1.95 47.17 
J 1.000 6.5 1.00 0.65 1.95 47.17 
J 1.500 6.5 0.67 0.65 1.95 47.17 
J
c 
2.000 6.5 0.50 0.65 1.95 47.17 
a Operating point shown in Figure 5.5a exhibiting discrete-droplet ejection. 
b Operating point shown in Figure 5.5b exhibiting transition behavior. 
c Operating point shown in Figure 5.5c exhibiting continuous-jet ejection. 
 
transition from discrete-droplet to continuous-jet mode ejection for the 1.5 µm radius 
orifice is not observed in the data provided in Table 5.1 because the capillary time scale 
is sufficiently small that discrete-droplets are always produced; however, the data for the 
2.5 µm radius orifice clearly indicate that the transition has shifted to a lower frequency 
than that predicted by a comparison of the process and capillary time scales. In summary, 
conclusions drawn from comparing the relevant time scales calculated using the scaling 
analysis of the data of Table 5.1 do accurately predict the trends observed in the 
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simulation results; however, it appears that the limits of validity of the scaling analysis 
are being approached for the smallest orifices under investigation. 
5.5 Additional Simulated Ejection Phenomena 
In addition to confirming the conceptual description of the ultrasonically-driven 
ejection process and finding the limits of validity of the scaling laws introduced in 
Chapter 4, the Fluent simulations are also used to investigate other phenomena including 
the variation of the droplet diameter with driving frequency and the effect of increasing 
the amplitude of the oscillating pressure boundary at the fluid inlet. 
Simulated images of droplets “virtually” ejected from the 1.5 µm radius orifice of 
the type 2 simulation domain operating at 0.5, 0.67, 1.0, 1.5, and 2.0 MHz are shown in 
Figure 5.6 along with a log-log plot of the droplet diameter as a function of frequency. 
Although it is obvious that the simulated droplet diameter decreases with increasing 
frequency as expected, a regression analysis performed using statistical analysis software 
(SigmaPlot,71 version 7.0) indicates that dd ~ f 
-0.19 (dark black line in Figure 5.6), which 
is a significantly weaker relationship than that found experimentally (dd ~ f 
-0.38 from 
Section 4.4.1 and gray dashed line in Figure 5.6) or that predicted through a simple 
consideration of mass conservation (dd ~ f 
-0.33 from Section 4.4.1 and light gray lines in 
Figure 5.6). One possible explanation for this result relates to the artificially trapped air 
for cases where the simulations are unable to properly track the rapidly advancing 
interface during the “push”-half of the ejection cycle. The interface recedes much further 
into the fluid chamber for droplet generation at lower frequencies. When more air is 




Figure 5.6. Simulated droplet diameter dd as a function of frequency f for ejection from the 3.0 
µm diameter orifice of the type 2 simulation domain. The relationship dd = f -0.20 fit to the 
simulation results (black line) is weaker than that predicted by the experimental results (dd = f 
-0.38 
and gray dashed line) or a mass balance of the fluid contained within a droplet before and after 
ejection (dd = f 
-0.33 and light gray line). 
For operation at higher frequencies, the push-pull behavior of the oscillating pressure 
gradient is more confined to the orifice itself and a gradual change in the slope of a curve 
fit to the data is seen at frequencies above 1.5 MHz as shown in Figure 5.6. 
Figure 5.7 provides images of virtual droplet ejection from the 1.5 µm radius 
orifice of the type 2 simulation domain at three different amplitudes of the oscillating 
pressure boundary condition representing the fluid inlet and a driving frequency of 1.0 
MHz. The amplitude AP of the oscillating pressure located at a distance lc = 27.5 µm from 
the orifice is 4.8, 5.0, and 5.2 atm (486, 507, and 527 kPa) for the simulation results 




Figure 5.7. Simulated droplet ejection at a frequency of 1.0 MHz as a function of the amplitude 
AP of the oscillating pressure boundary representing the fluid inlet: a) Ud = 11 m/s (AP = 4.8 atm), 
b) Ud = 13.5 m/s (AP = 5.0 atm), and c) Ud = 16 m/s (AP = 5.2 atm). The left side of the simulated 
ejection images shows the interface profile, and the right provides contours of the axial velocity. 
linearly with AP from 11 m/s at 4.8 atm to 13.5 m/s at 5.0 atm and 16 m/s at 5.2 atm. In 
addition, the droplet diameter remains relatively constant as the ejection velocity 
increases. 
5.6 Concluding Remarks on the Simulation of the Ejection Process 
In this chapter, experimentally-validated computational fluid dynamics (CFD) 
simulations of the interface evolution during fluid ejection have been used to confirm the 
conceptual description of the ejection process introduced in Chapter 4. Specifically, 
simulated images of discrete-droplet ejection from a 1.5 µm radius orifice at a driving 
frequency of 1.0 MHz and continuous-jet ejection from a 6.5 µm radius orifice at 1.0 
MHz support this conceptual understanding of the ejection physics that prescribe the 
mode (discrete-droplet vs. continuous-jet) of ejection and therefore indirectly validate the 
predictions of the scaling analysis developed in Chapter 4. Both simulations were 
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performed on a 2-D domain representing a conical, 3-D axisymmetric nozzle terminating 
in a 20 µm wide, 2.5 µm thick membrane. 
In addition to confirming the conceptual theoretical developments of Chapter 4, 
simulations have been used to determine the limits of validity of the scaling analysis. As 
was previously discussed, for all experimental cases, the viscous time scale tµ was one to 
two orders of magnitude greater than the time scales for the acoustic pumping frequency 
(process) tf and surface tension (capillary) tσ. In order to increase the importance of the 
viscous time scale with respect to the ejection process, simulations were performed for 
smaller orifices (tµ ~ ro
2, see Chapter 4). In particular, the time scales for water ejection 
from 1.5, 2.5, and 6.5 µm radius orifices of the nozzle geometry described above 
operating at driving frequencies between 0.5 and 2.0 MHz were computed from 
simulated virtual experiments. This analysis has led to the following specific conclusions: 
• As in the visualization experiments, two distinct modes of ejection are observed: 
discrete-droplet and continuous-jet. A gradual transition between operating modes 
when a continuous jet breaks up within ~1–2 wavelengths of the orifice is also 
seen for operation of the 6.5 µm radius orifice at the lowest driving frequencies 
(0.5 and 0.67 MHz). The droplet diameter is shown to decrease with increasing 
frequency although the frequency dependence (dd ~ f 
-0.20) is weaker than that 
predicted experimentally (dd ~ f 
-0.38) or through a simple consideration of mass 
conservation (dd ~ f 
-0.33). In addition, a linear increase in the ejection velocity is 
observed with an increase in the amplitude of the oscillating pressure boundary 
representing the fluid inlet, while the droplet diameter dd remains relatively 
constant with increasing ejection velocity as was suggested in Chapter 4. 
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• A comparison of relevant time scales enables the criterion for gradual transition 
from discrete-droplet to continuous-jet mode of ejection to be established. As in 
the experimental time scale analysis, the process time scale, tf = 1/f, the inertial 
time scale, tU = ro/U, the capillary time scale, tσ = (ρro3/σ)1/2, and the viscous time 
scale, tµ = ρro2/µ, are found to play important roles in the ejection process. For the 
1.5 and 6.5 µm radius orifices, when tσ > tf, continuous-jet ejection results, and tσ 
< tf leads to ejection of a stream of individual droplets. In addition, the transition 
from continuous-jet to discrete-droplet mode of ejection has been found to occur 
when tf ~ tσ. 
• Both discrete-droplet and continuous-jet mode of ejection from the 2.5 µm radius 
orifice are observed for operation over the frequency range of interest; however, 
the time scale analysis predicts that the transition from droplet to jet ejection 
should not occur until the operating frequency is increased to approximately 2.2 
MHz for this orifice. The viscous time scale (tµ ~ ro
2) for the 2.5 µm radius orifice 
is only one order of magnitude greater than tf and tσ, and thus viscous effects 
appear to be important and need to be accounted for in the time scale analysis for 
ejection of a high viscosity fluid or from a small orifice. Therefore, although a 
comparison of the relevant times scales resulting from analysis of the virtual 
ejection experiments does accurately predict the trends observed in the simulation 
results, for the smallest orifices under investigation the limits of validity of the 
scaling laws developed in Chapter 4 are being approached. 
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CHAPTER 6   
APPLICATIONS UTILIZING THE MICROMACHINED 
ULTRASONIC ATOMIZER 
 
In this chapter, three case studies are presented to illustrate the breadth of 
applications of the micromachined ultrasonic atomizer. In particular, the following three 
applications are described: 
• The device has been found to be particularly well-suited to atomization of liquid 
fuels for small-scale, portable power generation due to its ability to achieve a high 
degree of control of the ejection process at low flow rates and with low power 
consumption.17 Successful ejection of representative fuels is presented, and 
resulting atomization quality is discussed. 
• The device potential for drug delivery applications has been demonstrated. 
Specifically, the ultrasonic atomizer has been found to meet the stringent 
requirements (in terms of droplet size, distribution, and volume and virus 
viability) of inhalation delivery of the measles vaccine. 
• Lastly, the capability for ultra-soft ionization enabled by the ultrasonic atomizer 
used as an electrospray ion source for bioanalytical mass spectrometry has been 
shown by achieving efficient biomolecule charging and dry ion formation at a 
very low applied ionization voltage and also using pure water as a solvent.14 
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6.1 Atomization of Liquid Fuels for Microscale Fuel Processing 
Existing battery technologies have become a major obstacle to advances in the 
performance of portable energy-intensive devices primarily due to a limited lifetime 
between charge cycles.104,105 Fuel-cell-based energy sources are a viable alternative due 
to the high energy density stored in liquid fuels and the potential for high efficiency 
power generation. Recent work has focused on the development of two types of fuel cells 
for portable applications, hydrogen-based fuel cells with external fuel reformation, i.e., 
conversion to hydrogen, and direct-methanol fuel cells that oxidize methanol directly at 
the cell anode.104,106 Regardless of whether internal or external fuel reformation is used, 
energy-efficient atomization of liquid fuels ranging from methanol to higher 
hydrocarbons and diesel to kerosene and logistic fuels, e.g., JP-8, is an essential 
processing step for conversion of a fuel from liquid to gas phase. 
The micromachined ultrasonic atomizer developed in this thesis is particularly 
well-suited to these applications because it is capable of highly controlled atomization of 
a variety of liquid fuels at low flow rates. The low-flow-rate requirement intrinsic to the 
small-scale, portable power application is especially challenging since one cannot rely on 
the conventional jet-instability-based atomization approach. Using the developed 
atomizer, successful ejection of representative fuels has been achieved at low flow rates 
and input power. Figure 6.1a provides a still image of methanol atomization from an 
ejector array of 11.8 µm nozzle orifices with microchannel nozzle terminations operating 
at a transducer driving frequency of 0.561 MHz.  Figure 6.1b shows kerosene atomization 




Figure 6.1. Methanol (a) and Kerosene (b) ejection by the micromachined ultrasonic atomizer 
with an array of 11.8 µm diameter orifices and microchannel-based nozzle terminations. 
simulations using fuel properties do confirm that active ejectors are located near the 
middle of the ejector array where wave focusing is most efficient (as seen in Figures 6.1), 
and ejection does occur at the resonant frequencies predicted by ANSYS. 
Successful atomization is obviously important for conversion of fuel from liquid 
to gas phase; however, ignition and combustion of a fuel-air mixture also require a high 
quality of atomization as indicated by the fineness of the spray and the droplet size 
distribution. Any suitable diameter can be used as a representative diameter of a spray, 
but the Sauter mean diameter has been shown to give the best indication of atomization 
quality.107 In general, it has been found that large droplets (> 30 µm) inhibit flame 
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propagation, and suspensions of sub-10 µm diameter droplets burn like a gaseous 
fuel.108,109 In order to determine the quality of the spray generated by the ultrasonic 
atomizer, droplet size distributions for water ejection from orifices ranging from 3.5 to 10 
µm were measured using a laser diffraction instrument (Malvern Instruments, Spraytec 
Particle Analyzer with 0.1-2000 µm range). Table 6.1 summarizes the resulting 
parameters which determine the quality of the spray. In general, the Sauter mean 
diameter, D3,2, is slightly smaller than the nominal orifice size of the ejector, do, and 
much smaller than most representative fuel droplet diameters (20–100 µm) for 
combustion studies reported in the literature.108 The relative span factor, ∆ = (D0.9 - 
D0.1)/D0.5, provides a direct indication of the range of drop sizes within a spray relative to 
the mass mean diameter, D0.5.
108 Here, D0.1 and D0.9 are the diameters below which 10% 
and 90% by volume of the droplets in the spray are found, respectively. A narrow droplet 
size range is beneficial for combustion processes, and the relative span factor usually lies 
 
Table 6.1. Atomization parameters resulting from the droplet size distribution measurements of 
water ejection from nozzle orifices ranging from 3.5 to 10 µm. Representative diameters include 
the mass mean diameter D0.5, the diameter D0.9 below which 90% of the droplets are found, and 
the Sauter mean diameter D3,2.  The relative span factor, ∆, provides an indication of the range of 















3.5 1.8 4.9 10.3 3.2 1.74 
6 3.3 6.7 15.1 5.4 1.76 
7 4.3 8.3 20.8 7.1 1.99 
8 4.0 8.7 22.6 6.7 2.14 
10 6.7 20.6 50.9 13.8 2.14 
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between 1 and 1.5 for traditional fuel atomization; however, due to the extremely small 
droplet diameters seen in the current study, the atomization appears to be of high quality 
even for the comparatively larger relative span factor values reported here. 
6.2 Inhalation Delivery of the Measles Vaccine 
A comprehensive review of measles vaccination delivery methods has indicated 
that aerosol inhalation exhibits the greatest potential of nonpercutaneous routes.110 In 
fact, this method has been shown to generate serological responses that exceed those 
achieved by needle injection. Typical nebulizers used for inhalation are not well suited to 
large scale vaccination programs in undeveloped regions due to a lack of portability, and 
other common aerosol delivery devices, e.g., pressurized Metered Dose Inhalers (pMDI), 
are unable to produce the monodisperse droplets necessary for effective aerosol 
inhalation. 
Based on World Health Organization (WHO) requirements for inhalation 
vaccination three requirements must be met for vaccine administration: (1) generating a 
large fraction (> 75% of particles by volume) of sub-5 µm diameter droplets, (2) 
generating highly uniform ejection from a large fraction of orifices on a given device in 
order to achieve a flow rate of greater than 0.3 cc/min (approximately 100 orifices with a 
5 µm diameter are required for operation at 1.0 MHz), and (3) operating at a temperature 
of less than 50°C to ensure viability of the ejected measles vaccine. 
Figure 6.2 provides the results of preliminary viability tests performed using an 
array of 8 µm diameter orifices with the microchannel nozzle termination. Although the 




Figure 6.2. Viability of ejected measles vaccine as a function of operating temperature. 
the device is not fundamentally different as the size of the orifice is decreased so 
successful ejection of live measles vaccine should be possible from smaller orifices. As 
shown in Fig. 6.2, the control samples CVC1 and CVC2 exhibited a potency of 103.4 
plaque forming units (pfu) per dose. The ejected virus exhibited a similar potency (103 
pfu per dose) as long as the ejection temperature did not exceed 50°C.111 The droplet size 
measurements reported in Section 6.1 indicate that ejection from 3.5 µm diameter orifices 
results in almost monodisperse 5 µm droplets. These results unambiguously indicate that 
the micromachined ultrasonic atomizer is capable of delivering aerosolized measles 
vaccine, while meeting the most stringent requirements on delivery efficacy (droplet size, 
distribution, and volume) as well as virus viability. 
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6.3 Ion Source for Bioanalytical Mass Spectrometry 
Mass Spectrometry (MS) has become the technology of choice for accurate 
bioanalytical measurements, including protein identification. There is a strong 
momentum in the scientific community to develop miniaturized sample introduction 
platforms and lab-on-a-chip ion sources for proteomics because the samples available for 
analysis are frequently difficult to obtain and volumes very small. The main approaches 
using microfabrication techniques for electrospray (ESI) miniaturization can be broadly 
grouped as follows: (i) ESI devices incorporating fused silica capillary emitters,112-114 (ii) 
devices that generate ESI from a microchannel exiting the blunt edge of a wafer,115,116 
and (iii) monolithic devices incorporating etched ESI tips.117,118 Although some of these 
devices make use of highly innovative batch microfabrication processes reducing the 
ionization source manufacturing cost, they still rely on highly charged nozzles to create 
Taylor-cone electrospray. The micromachined ultrasonic atomizer platform investigated 
in this thesis has been applied as a high-throughput ion source for mass spectrometric 
analysis of biomolecules. Two key ideas lie in the foundation of this ion source: (1) to 
decouple aerosol formation from droplet charging, thereby providing a route for dramatic 
reduction of operating voltage and flexibility in the choice of solvent, enabling ultra-soft 
ionization and (2) to adopt a discrete (i.e., droplet-based) rather than continuous (i.e., jet-
based) approach for controllable generation of charged droplets, thereby lowering the 
required sample size and improving sample utilization. 
The ESI microarray has been interfaced with time-of-flight (TOF) (JEOL, Inc., 
model AccuTOF MS) and linear ion trap (Thermo Electron Corp., model Finnigan LTQ) 
mass spectrometers. As a first test, the standard calibration compound reserpine 
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(molecular weight 609.2 Da) in MeOH:H2O:Acetic Acid (50:49.9:0.1 v/v) solution was 
successfully ionized repeatedly using the ultrasonic ejector/ion source. Ionization was 
achieved electrochemically by applying a DC bias electric potential to the piezoelectric 
transducer electrode facing the solution on top of the driving high frequency AC signal. 
Voltages in the range of 150 to 250 V were shown to be sufficient for ionization. This is 
an order of magnitude lower than the voltages required by conventional Taylor-cone-
based electrospray sources, thus leading to ultra-soft ionization with little analyte 
fragmentation. Figure 6.3a shows a typical mass spectrum obtained after atomization 
with a strong and clear peak at 609.2 Da (197:1 signal-to-noise ratio) corresponding to 
the 12C isotope of the reserpine ions followed by the least abundant carbon isotopes. 
Leucine Enkephalin (YGGFL) ([M + H]+ = 556.67, [2M + H]+ = 1111.09, [3M + H]+ =  
1665.73) in H2O:Acetic Acid (99.9:0.1 v/v) solution has also been successfully ionized 
using the ultrasonic electrospray source and then detected by the linear ion trap MS. 
Interfacing between the ion source and mass spectrometer was made through a venturi 
device that focuses the ejected droplet streams emitted by the ejector array to the MS 
inlet enhancing sample transmission. Applied DC bias potential was ~100 V. The mass 
spectrum shown in Figure 6.3b indicates the presence of the YGGFL monomer (556.67), 
dimer (1111.09), and trimer (1665.73). These results clearly demonstrate the feasibility of 
the ultrasonic electrospray concept for low-voltage ionization of organic molecules and 
standard peptides (YGGFL). 
 140 
 
Figure 6.3. Mass Spectra (MS) obtained using the micromachined ultrasonic atomizer as an 
electrospray ion source: a) reserpine spectrum (MeOH:H2O:Acetic Acid (50:49.9:0.1 v/v) 
solvent) and b) leucine enkephalin (YGGFL) spectrum (H2O:Acetic Acid (99.9:0.1 v/v) solvent). 
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CHAPTER 7   
CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 
 
This thesis presents the results of development and comprehensive investigation 
of a novel concept for ultrasonic atomization. The atomizer is a micro-electromechanical 
system (MEMS)-based device that exploits structural resonances and acoustic wave 
focusing by micromachined liquid horns to achieve fluid ejection and picoliter-scale 
droplet formation from a nozzle array over a broad range of flow rates and with low input 
power. Original contributions have been made in device design and fabrication (as 
described in Chapter 2) as well as acoustic and hydrodynamic characterization (Chapters 
3 through 5) of device operation. The characterization efforts have been performed in 
concert with device development efforts, leading to an optimal design of the device, and 
include complimentary experimental and theoretical work. Successful operation of the 
ejector has been demonstrated for a number of working fluids (water, high viscosity 
mixtures of glycerol and water, and low surface tension methanol), but detailed 
performance characterization was limited to low viscosity, high surface tension liquids, 
using water as an important, broadly used, and representative example of these working 
fluids. Finally, the unique advantages enabled by the developed micromachined 
ultrasonic ejector are illustrated for challenging fluid atomization examples from a 
variety of applications, ranging from fuel processing on small scales to ultra-soft 
electrospray ionization of biomolecules for bioanalytical mass spectrometry. 
 142 
The droplet generation concept introduced in Chapter 2 has been shown to 
address the challenges associated with conventional atomization techniques. This concept 
represents a flexible, low-cost platform for achieving low-power and low-temperature 
atomization of potentially any operating fluid. Despite demonstrated unique advantages 
of the developed atomizer concept, it has been found to be difficult to achieve reliable 
ejection of fluids with high viscosities and/or low surface tension, which presents unique 
challenges that provide a fruitful ground for future research. Achieving a high degree of 
control of the atomization of these fluids may require refinement of the ejector design. In 
particular, investigation of the following device modifications is recommended for future 
research: 
1. Effect of the Ejector Surface/Material Properties on Ejection of Low Surface 
Tension Liquids: It has been found that ejection of low surface tension liquids is 
highly unstable, and they tend to weep from the nozzle orifices and also cover the 
front surface of the device with a thin liquid film that is detrimental to ejection. 
Preliminary attempts to address this issue by modifying the surface properties of 
the ejector, e.g., coating the top surface with a hydrophobic material (Parylene C), 
have been only partially successful. The observation of the ejection phenomena 
and experience with device operation suggest that it may be desirable to have a 
wetting (fluid-philic) surface within the nozzle (i.e., inside of the ejector) to avoid 
gas bubble formation and a non-wetting (fluid-phobic) surface on the front side 
(i.e., outside of the ejector) to prevent formation of blocking liquid film. Careful 
experimental and theoretical investigation of related fluid mechanics issues would 
be of significant value to refining ejector design and fabrication, which needs to 
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be complemented with analysis of manufacturing issues associated with the 
choice and method of application of various coatings with desired surface 
properties. 
2. Effect of the Ejector Structural Design on Ejection of Low Surface Tension 
Liquids: If weeping cannot be controlled by modifying the surface properties 
alone, it may be necessary to change the physical design of the nozzle orifice. For 
example, other researchers have indicated that fabrication of a ring-shaped lip 
around the periphery of the orifice helps to minimize weeping of low surface 
tension ejection fluids.12 This would require a significant modification of the 
current fabrication procedure, which could have implications on the ejection of 
other fluids (e.g., those with a high viscosity). Thus development of simple and 
robust micromachining approaches to maintain the “ease of manufacturability” 
advantage of the developed ejector concept is needed, as well as fundamental 
understanding of the fluid physics underlying ejection from corrugated orifices to 
support optimal ejector orifice design. 
3. Effect of the Ejector Orifice on Ejection of High Viscosity Liquids: Ejection of 
high viscosity liquids by the ejector with a microchannel at the nozzle apex 
requires generation of a larger pressure gradient near the nozzle tip to overcome 
significant viscous losses at the orifice. As a result, such devices must be driven at 
higher power input levels and are therefore prone to measurable, and often 
detrimental, heating. The input power requirement is reduced for operation of 
devices with orifices in thin nitride membranes; however, membrane-based 
devices are not as robust leading to an increase in the likelihood of device failure 
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due to membranes breaking during operation. It is recommended that this design-
for-manufacturability issue be investigated further to determine the best 
compromise between device robustness, power consumption, and simplicity of 
fabrication. 
4. Effect of the Nozzle Shape on Acoustic Focusing: As has been discussed, the 
pyramidal nozzle shape was selected because it is easily created via a single step 
anisotropic wet etch of (100) oriented single crystal silicon. This does not mean 
that this shape is optimal for acoustic wave focusing. Therefore, it is 
recommended that an investigation into the use of other microfabrication methods 
(e.g., stamping in aluminum or injection molding in plastic followed by coating 
with an appropriate high impedance material) that may be capable of making 
nozzles of more complex shapes for focusing be conducted. 
 
The experimentally-validated finite element analysis (FEA) simulations of the 
acoustical response of the system presented in Chapter 3 have been shown to predict the 
cavity resonant frequencies for efficient device operation and confirm the acoustic wave 
focusing within the pyramidal nozzles (liquid horns) for a variety of device geometries 
and working fluids. It is not anticipated that the trends in the acoustical response of the 
system will change significantly for typical operating fluids; however, these simulations 
are based on the assumption that the acoustic disturbances generate only small-amplitude 
perturbations of the ambient state of the fluid within the chamber, and therefore nonlinear 
terms are dropped from the equations governing the acoustic response. In addition, the 
FEA simulations neglect or incorrectly account for other important aspects of the acoustic 
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actuation (e.g., frictional losses in the fluid and heat generation in the piezoelectric 
transducer). Therefore, the following studies are recommended for future research: 
1. Further study of the limits of validity of the approximations and methods used to 
investigate the acoustic response of the system should be conducted. This includes 
an evaluation of the linear approximation of the acoustic equations with respect to 
fluid properties, geometry of the device, amplitude of the acoustic pressure, and 
frequency of operation. A more accurate account of losses within the fluid should 
also be included in the model, and a non-isothermal analysis of the fluid heating 
near the ejection point is of considerable interest due to the implications of 
changing fluid properties, with increasing temperature, on the ejection process. 
2. In addition to determining the validity of the methods used to model the acoustic 
response within the fluid chamber, an investigation of ohmic heat generation due 
to the oscillation of the piezoelectric transducer is also recommended. 
3. In conjunction with the investigation of micromachining techniques capable of 
producing nozzles with more complex geometries, simulations of liquid horns of 
different geometries should be conducted to determine which horn shapes produce 
the greatest focusing. 
 
In chapter 4, a complimentary experimental and theoretical investigation of the 
fundamental physics governing the fluid ejection has been presented. A conceptual 
description of the ejection process has been developed and used as the framework for the 
analysis of the relevant time scales, based on the premise that it is the relationship 
between the acoustic pumping frequency (process time scale tf) and surface tension 
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(capillary time scale tσ) that prescribes the mode of ejection (discrete-droplet vs. 
continuous-jet). An extensive range of experimental conditions was investigated in the 
limits of two available device geometries and the use of water as the working fluid. A 
scaling analysis of the key fluid mechanics phenomena was shown to be supported by the 
experimental data and yielded a set of simple laws that enable accurate definition of 
under what conditions ejection is possible and what controls the mode (discrete-droplet 
vs. continuous-jet) of ejection. However, it has been shown that even for ejection of 
water from smaller, sub-5 µm diameter orifices, the viscous effects also become 
important setting the limit on the validity of the scaling laws developed in this thesis. To 
this end, the following studies are recommended for future research:  
1. From the scaling analysis it is expected that as the radius of the orifice decreases, 
viscous effects should become important (tµ ~ ro
2) and must enter into 
consideration when deciding what controls the mode of ejection; however, since 
transition behavior was not observed for the smallest orifice diameter (do = 4.5 
µm), it is not possible to evaluate the validity of this statement with the 
experimental data reported in this thesis. Additional experiments should be 
conducted on sub-5 µm diameter orifices at higher operating frequencies (> 2.5 
MHz) to determine the conditions for the transition from discrete-droplet to 
continuous-jet mode operation, and thus to provide experimental guidelines on the 
validity limit of the scaling laws developed in this thesis. 
2. The importance of viscous effects should also increase if a higher viscosity fluid 
is employed (tµ ~ µ -1). Therefore, careful visualization of ejection of higher 
 147 
viscosity water-glycerol mixtures from sub-5 µm to 20 µm diameter orifices over 
the frequency range of interest (0.5–3 MHz) should be conducted. 
3. Since the surface tension of the liquid has a significant effect on the operating 
frequency at which the transition from discrete-droplet to continuous-jet mode of 
ejection occurs (i.e., tσ = (ρro3/σ)1/2, and transition behavior is found to occur 
when tσ ~ tf), it is also recommended that further visualization experiments be 
performed with lower surface tension liquids such as methanol or kerosene. 
4. And, finally, the outcomes of the experimental investigations proposed in bulleted 
items 1 through 3 above should be supplemented by the appropriate revisions and 
extension, if needed, of the scaling analysis and development of modified ejection 
regime maps that could be applicable for a broader range of operating conditions. 
 
In chapter 5, the conceptual description of the ejection process introduced in 
Chapter 4 as well as the scaling laws were confirmed using experimentally-validated 
computational fluid dynamics (CFD) simulations of the interface evolution during fluid 
ejection. These simulations also enable “virtual” experiments to be conducted over a 
wide (potentially any) range of conditions (e.g., fluid properties and device geometries) 
within the limits of validity of the governing transport equations. This enabled simulation 
of ejection from the smallest diameter (3 and 5 µm) orifices under investigation to check 
the limits of validity of the scaling laws developed in Chapter 4 as the viscous effects 
become comparable to surface tension. Following careful experimental validation of the 
simulation method on relevant benchmark ejection cases, it is easier to investigate the 
effect of changing fluid properties and geometry on the ejection process by performing 
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virtual experiments than to investigate the large number of actual experimental cases. 
Therefore, the following studies are recommended for future research: 
1. Based on the scanning electron microscope (SEM) images of the nozzle and 
orifice structure and geometry, the simulation domain could be modified to more 
accurately represent the shape of the nozzles and of the ejection orifices (i.e., the 
nozzles should be treated as pyramidal in shape, and not conical as has been done 
in this thesis, and the orifice of the membrane devices is a cylinder with tapered, 
not straight walls). This would demand, however, use of fully three-dimensional 
(3-D) simulations which can be highly computationally intensive. This should be 
combined with numerical investigation of a broader range of variation in possible 
dimensions (i.e., size of the orifice, including sub-5 µm diameter orifices 
operating at higher operating frequencies (> 2.5 MHz), and nozzle and orifice 
geometries) beyond what has been investigated in this thesis to provide a roadmap 
for development of an “optimal ejector” from the fluid mechanics prospective. 
2. The effect of varying thermophysical and transport properties of the working fluid 
(i.e., considering high viscosity and lower surface tension fluids) should be 
extensively investigated to understand the basic physics of the ultrasonic 
atomization of such fluids using acoustic horns, as well as to provide guidance on 
the optimal operating conditions of the device. This includes simulation-driven 
development of the scaling laws for limiting transport processes (different in 
different cases), leading to simple “algebraic” operation rules in terms of relevant 
dimensionless numbers. 
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3. In addition to conducting virtual experiments with varying surface tension of the 
working fluid, it is also recommended that the effect of surface properties of the 
nozzle plate (i.e., fluid-phobic vs. fluid-philic behavior modification enabled by 
surface coating) on the ejection be investigated numerically, by modifying the 
contact angle/line dynamics in the FLUENT solver. This would be instrumental 
for development of an ejector capable of stable operation with low surface tension 
fluids. 
4. In conjunction with the investigation of viscous fluid heating near the ejection 
point, this effect should be introduced into the fluid-mechanics problem via 
coupled thermal-fluid simulations. 
 
In Chapter 6, the micromachined ultrasonic atomizer was shown to be well-suited 
for atomization of fuels for small-scale, portable fuel processors, aerosolization of 
measles vaccine for inhalation delivery, and ultra-soft ionization of biomolecules for 
mass spectrometry. Each of these applications relies on the unique combination of 
attributes of the droplet generation concept under investigation in this thesis. The ability 
to produce a high-quality fuel spray at low flow rates and with low power consumption is 
advantageous for small-scale fuel processing applications,17 generation of monodisperse 
sub-5 µm droplets at low temperatures is required for oral delivery of biological fluids, 
and the capability for ultra-soft ionization by decoupling the aerosol formation and 
droplet charging,14 yet achieving both operations in a single device, yields a dramatic 
improvement over traditional mass spectrometer interfaces. 
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The three applications described in Chapter 6 demonstrate the breadth of 
applications of the micromachined ultrasonic atomizer, but as discussed in Chapter 1, this 
technology can be utilized in any application that requires the production of 
monodisperse droplets using a repeatable and reliable process. As the ejection process 
becomes better characterized for atomization of higher viscosity liquids, a variety of 
applications ranging from manufacture of multilayer parts and circuits to deposition of 
polymers and photoresist without spinning should be investigated. Finally, cooling of 
microelectronics using direct jet (or droplet stream) impingement from an ejector array 
would allow for uniform cooling of a chip surface, while the possibility for individual 
activation of single ejector orifices would enable highly localized cooling of hotspots on 
a chip with nonuniform heat generation. 
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APPENDIX A   
MATERIAL PROPERTIES USED IN THE ANSYS SIMULATIONS 
 
The material properties needed to model the piezoelectric transducer, ejection 
fluid, and structural solids (silicon and silicon nitride) are found in Tables A.1 to A.3. 
Note that although the elastic and piezoelectric constants for lead zirconate titanate (PZT-
8) piezoelectric material were obtained from APC International, Ltd.,35 these parameters 
were adjusted slightly so that the electrical input impedance response of the two-
dimensional simulation better matched that determined experimentally. 
 
Table A.1. Properties that are used to model lead zirconate titanate (PZT-8) in the ANSYS 
simulations.35 
Material Property Value 
PZT-8 Young’s modulus in the unpolarized direction, Ep 9.00x10
10 N/m2 
 Young’s modulus in the polarized direction, Ez 8.64x10
10 N/m2 
 Poisson’s ratio (unpolarized/polarized), νp  0.333 
 Poisson’s ratio (polarized/unpolarized), νzp 0.345 
 Shear modulus in the polarized direction, Gzp 1.57x10
10 N/m2 
 Mass density, ρ 7600 kg/m3 
 
Piezoelectric constant relating voltage applied in the polarized 
direction to strain in the polarized direction, d33 
215x10-12 m/V 
 
Piezoelectric constant relating voltage applied in the polarized 
direction to strain in the unpolarized direction, d31 
-95x10-12 m/V 
 
Piezoelectric constant relating voltage applied in the unpolarized 
direction to the generated shear stress, d15 
330x10-12 m/V 
 Relative permittivity in the unpolarized direction, εr,p 1290 
 Relative permittivity in the polarized direction, εr,z 1000 
 Damping Coefficient, γ 1x10-9 
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Table A.2. Properties that are used to model the fluids in the ANSYS simulations.38-42 
Material Property Value 
Water Mass density, ρo,water 1000 kg/m
3 
 Speed of sound, cwater 1500 m/s 
 Dynamic viscosity, µwater  1.00x10
-3 kg/m-s 
Methanol Mass density, ρo,MeOH 787 kg/m
3 
 Speed of sound, cMeOH 1089 m/s 
 Dynamic viscosity, µMeOH  5.50x10
-4 kg/m-s 
Kerosene Mass density, ρo,kerosene 820 kg/m
3 
 Speed of sound, ckerosene 1325 m/s 
 Dynamic viscosity, µkerosene 2.20x10
-3 kg/m-s 
 
Table A.3. Properties that are used to model the silicon and silicon nitride (Si3N4) in the ANSYS 
simulations.33 
Material Property Value 
Silicon Young’s Modulus, ΕSi 150x10
9 N/m2 
 Poisson’s ratio, νSi 0.21 
 Mass Density, ρSi 2330 kg/m
3 
 Damping Coefficient, γSi 6x10
-9 
Si3N4 Young’s Modulus, Εnitride 270x10
9 N/m2 
 Poisson’s ratio, νnitride 0.27 
 Mass Density, ρnitride 2800 kg/m
3 




APPENDIX B   
TECHNICAL DETAILS OF THE SIMULATIONS 
PERFORMED IN ANSYS 
 
Additional details of the implementation of the harmonic response analysis of the 
ejector assembly performed in ANSYS are provided here. 
Modeling the Piezoelectric Transducer 
ANSYS solves the constitutive equations37 governing the piezoelectric behavior 
in the stress-charge form (as opposed to the strain-charge form discussed in Chapter 3) 
expressed as 
EeScT E ⋅−⋅=
t  and (B.1) 
EεSeD S ⋅+⋅= . (B.2) 
Therefore, the following matrix transformations are needed to convert the compliance 
matrix sE found in Equation (1) of Chapter 3 to the elasticity (elastic stiffness) matrix cE 
found in Equation (B.1) and the piezoelectric strain matrix d found in Equation (2) of 
Chapter 3 to the stress matrix e found in Equation (B.2): 
1−= EE sc  and (B.3) 
1−⋅= Esde . (B.4) 
Additional matrix manipulations are required due to the ordering scheme used by 
ANSYS. The published data for the piezoelectric stress matrix e and stiffness matrix cE 
are ordered x, y, z, yz, xz, xy;35 however, the ANSYS input order is x, y, z, xy, yz, xz.36 
Therefore, rows and columns 4, 5, and 6 must be reordered to 6, 4, and 5. ANSYS 
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requires that two-dimensional simulations be modeled in the x-y plane (in this case, the 
piezoelectric transducer is polarized in the y-direction), but the matrices provided by 
Equations (B.3) and (B.4) are for a material polarized in the z-direction. Therefore, the 
second and third rows and fourth and sixth rows of both the piezoelectric stress and 
stiffness matrices must be interchanged. For the stiffness matrix, the second and third 
columns and fourth and sixth columns are also switched; however, for the piezoelectric 
stress matrix, only the second and third columns need to be interchanged. 
Modeling the Fluid 
As discussed in Chapter 3, the fluid is modeled using two-dimensional FLUID29 
or FLUID30 acoustic fluid elements. A key option (KEYOPT (2) = 0) is used to specify 
the presence of a structure next to the fluid so that both the bulk fluid and the fluid 
located near an interface can be modeled using FLUID29 or FLUID30 elements. Even 
though the element type definitions allow the presence of a fluid-structure interface to be 
taken into account, the lines or surfaces corresponding to the interface between the fluid 
and the structures are flagged so that ANSYS includes the appropriate terms in the 
analysis. 
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APPENDIX C   
COMPARISON OF PREDICTED AND MEASURED ELECTRICAL 
INPUT IMPEDANCE OF AN UNLOADED DEVICE 
 
Figures C.1 and C.2 show the measured and predicted electrical input impedance 
of an unloaded device consisting of a 1 mm thick, 24x28 mm piezoelectric PZT-8 
transducer, a 495 µm thick, 24x24 mm silicon ejector plate containing a 20x20 array of 
nozzles with 5 µm orifices, and a fluid reservoir bounded by a 630 µm thick, 24 mm wide 
spacer with a 2 mm wide sidewall. The two-dimensional (2-D) domain used to model this 
device comprises a 1 mm thick, 24 mm wide transducer, a 495 µm thick silicon ejector  
 
 
Figure C.1. Experimentally-measured electrical input impedance as a function of driving 
transducer frequency for a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer 
driving an unloaded device with a 495 µm thick silicon ejector plate and a 630 µm thick spacer. 
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Figure C.2. Predicted electrical input impedance as a function of driving transducer frequency for 
a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving an unloaded device 
with a 495 µm thick silicon ejector plate and a 630 µm thick spacer. 
plate containing an array of 15 nozzles with 5 µm orifices, and a 630 µm thick, 24 mm 
wide spacer with a 2 mm wide sidewall. The base of the nozzles is 720 µm wide, which 
yields 13 µm wide, 2 µm thick nitride membranes at the nozzle tips. 
Although the acoustic response of the actual device is not as clean as that of the 
simulated device, the simulations match the measurements very well. The longitudinal 
resonance of the piezoelectric transducer is predicted to be at a slightly higher frequency 
(f = 2.35 MHz) than the measurement value (f = 2.32 MHz); however, this could easily be 
due to slight differences between the model and the geometry of the actual device. 
Figures C.1 and C.2, along with Figures 3.3 and 3.4 of Chapter 3, validate the use of the 
ANSYS model to predict the behavior of the ultrasonic atomizer under investigation in 
this thesis. 
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APPENDIX D   
EFFECT OF THE NOZZLE TERMINATION (SHORT CHANNEL 
VS. THIN MEMBRANE) ON THE ACOUSTICAL RESPONSE OF 
THE DEVICE 
 
Figures D.1 and D.2 show the electrical input impedance as a function of 
frequency for a two-dimensional (2-D) computational domain comprising a 1 mm thick, 
24 mm wide piezoelectric PZT-8 transducer, a 500 µm thick silicon ejector plate 
containing 15 nozzles, and a fluid reservoir bounded by a 500 µm thick, 24 mm wide 
 
 
Figure D.1. Predicted electrical input impedance as a function of driving transducer frequency for 
a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded 
device with a 500 µm thick silicon ejector plate and a 500 µm thick spacer. The device nozzles 
terminate in 40 µm wide, 2 µm thick nitride membranes. The first three resonant modes 




Figure D.2. Predicted electrical input impedance as a function of driving transducer frequency for 
a 1 mm thick lead zirconate titanate (PZT-8) piezoelectric transducer driving a water-loaded 
device with a 500 µm thick silicon ejector plate and a 500 µm thick spacer. The device nozzles 
terminate in short 5 µm long, 5 µm wide channels. The first three resonant modes corresponding 
to acoustic wave focusing and the longitudinal resonance of the piezoelectric are highlighted. 
spacer with a 2 mm wide sidewall. Figure D.1, which is identical to Figure 3.4 of Chapter 
3 corresponds to a nozzle terminating in a 40 µm wide, 2 µm thick membrane, and Figure 
D.2 corresponds to a nozzle terminating in a short 5 µm long, 5 µm wide channel. 
Figures D.1 and D.2 are almost identical. As expected, the longitudinal resonance 
of the piezoelectric transducer and the first resonance corresponding to a standing wave 
located between the piezoelectric transducer and the flat area of the ejector plate on the 
periphery of the device are unchanged. The cavity resonances highlighted in Figure D.2, 
corresponding to pressure wave focusing at the nozzle tips, are located at slightly higher 
frequencies than those in Figure D.1 because the focal point is shifted farther into the 
cavity, which effectively shortens the chamber centerline height hc. This effect is not 
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significant; therefore, the simulations of either design are expected to yield similar 
results. 
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APPENDIX E   
COMPARISON OF THE ELECTRICAL INPUT POWER AND 
POWER TRANSFERRED TO THE FLUID FOR ADDITIONAL 
DEVICE GEOMETRIES 
 
Figure E.1 provide the electrical input power and the power imparted to the 
ejected fluid as functions of frequency for a two-dimensional (2-D) computational 
domain comprising a 2 mm thick, 24 mm wide piezoelectric PZT-8 transducer, a 500 µm 
thick silicon ejector plate containing 15 nozzles, and a fluid reservoir bounded by a 500 
µm thick, 24 mm wide spacer with a 2 mm wide sidewall. Figure E.2 shows the same 
information for a 2-D domain with a 1 mm thick transducer and a 1.5 mm thick spacer. 
All other geometry is the same as for the device with the 2 mm thick piezoelectric 
transducer. 
Due to the decreasing power input to the transducer, it appears that operation at 
the lower frequency modes of the system is desirable. Operation at the longitudinal 
resonance of the piezoelectric transducer imparts significant power to the ejected fluid, 
especially for the device geometry represented in Figure E.1; however, the device 
efficiency is poor at this frequency because amplification of the electrical current and 
physical displacement of the piezoelectric transducer at resonance leads to significantly 
increased resistive and frictional losses without the benefit of acoustic wave focusing to 




Figure E.1. Comparison of electrical input power with the power imparted to the ejected fluid as 
functions of driving transducer frequency for a 2 mm thick lead zirconate titanate (PZT-8) 
piezoelectric transducer driving a water-loaded device with a 500 µm thick silicon ejector plate 
and a 500 µm thick spacer. The first two resonant modes corresponding to acoustic wave 
focusing and the longitudinal resonance of the piezoelectric are highlighted. 
In addition, negligible power transfer to the ejected droplets is observed for 
operation at resonant frequencies located far above the piezoelectric transducer 
resonance. The best performance (in terms of power transfer to the droplets) is seen at 
low frequency resonances that are significantly lower than that of the transducer (see 
resonance 2 in Figure E.2). Therefore, it is recommended that the droplet generator be 
designed with a thin enough piezoelectric transducer such that one of the device 




Figure E.2. Comparison of electrical input power with the power imparted to the ejected fluid as 
functions of driving transducer frequency for a 1 mm thick lead zirconate titanate (PZT-8) 
piezoelectric transducer driving a water-loaded device with a 500 µm thick silicon ejector plate 
and a 1.5 mm thick spacer. The first six resonant modes corresponding to acoustic wave focusing 
and the longitudinal resonance of the piezoelectric are highlighted. 
 163 
APPENDIX F   
TEST SECTION ASSEMBLY 
 
Two different ejector fixtures have been used for image acquisition. Figure F.1 is 
a photograph of the original flow-through test section comprising a piezoelectric 
transducer, ejector plate, and Kapton® tape spacer mounted to a plastic base structure. 
The spacer is constructed of multiple layers of single- and double-stick Kapton® tape 
with adhesive top and bottom surfaces, a square 20x20 mm cutout for the fluid chamber, 
and channels cut into the middle Kapton® layer to serve as the inlet and outlet of the 
chamber. The piezoelectric transducer and ejector plate are mounted to the adhesive 
surfaces, and the ejector sandwich structure is mounted to the plastic base, which has a 
 
 
Figure F.1. Image of the original flow-through experimental fixture consisting of a piezoelectric 
transducer, ejector plate, and Kapton® tape spacer mounted to a plastic base structure. 
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cutout for the piezoelectric transducer. Therefore, the Kapton® tape not only serves as 
the spacer to dictate the fluid chamber height but it also supports the ejector assembly. 
The flow-through test section is shown positioned in the experimental setup 
during visualization in Figure F.2. The microscope lens of the CCD camera is oriented at 
an angle to the surface of the ejector, and the LED array is positioned so that it provides 
backlighting to the ejected droplets/jets. The plastic base is attached to a three-axis stage 
that positions the ejector such that an active orifice is located in the field of view of the 
microscope lens. 
A number of issues are associated with the use of the flow through experimental 
test section. Since the flexible Kapton® tape spacer acts as the support for the ejector 
assembly, the front edge of the sandwich structure sags during operation, which makes it 
 
 
Figure F.2. Flow-through test section positioned in the experimental setup during visualization of 
the ejection process.  
 165 
difficult to focus on an active orifice. In addition, the rough edges of the square fluid 
chamber cut out of the spacer trap air bubbles during operation leading to poor ejector 
performance. Although the Kapton® tape provides flexibility in making spacers of any 
thickness in 50 µm increments, spacers cannot be reused with different ejectors and 
piezoelectric transducers. Therefore, a new spacer must be made for each test condition, 
which is a time consuming process. With these issues in mind, a second test fixture was 
developed. 
Figure F.3 provides images of the test fixture with and without the plastic housing 
clamped over the sandwich structure comprising the piezoelectric transducer, brass 
spacer, and ejector plate. An exploded schematic of the test section assembly is provided 
in Figure F.4. The design resembles a piston in a cylinder, which allows the test section 
to accommodate ejector assemblies with thicknesses of between 1 and 5 mm, and 
provides the flexibility to operate at a wide range of frequencies by increasing/decreasing 
the thickness of the piezoelectric transducer and spacer. 
 
 
Figure F.3. Images of the test section: a) ejector sandwich structure comprising the piezoelectric 
transducer, silicon spacer, and ejector plate mounted on the plastic assembly base and b) complete 
test section assembly. 
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Figure F.4. Exploded schematic illustrating how the test section is assembled. 
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Figures F.3 and F.4 illustrate how the test section is assembled. The ejector 
sandwich structure is mounted to the plastic assembly base that serves as the piston. A 
small pocket machined out of the assembly base behind the transducer ensures that the 
motion of the piezoelectric transducer is not constrained. In addition, a hole connecting 
the bottom of the assembly base to the pocket behind the transducer allows an electrical 
lead to be connected to the back side of the piezoelectric transducer. The plastic housing 
is clamped over the entire assembly to form a small chamber around the ejector assembly 
that holds the ejection fluid during operation. The o-ring located between the plastic 
assembly base and housing prevents the chamber from leaking; the rubber gasket placed 
between the ejector assembly and the plastic housing also inhibits leakage, but more 
importantly, it cushions the ejector, which is easily broken during assembly. Two sets of 
fluidic fittings are secured to channels machined through the assembly base. The first set 
acts as the fluid inlet during device operation, and the other is used as a fluid outlet 
during filling of the device. A third set of fittings is used to seal around the electrical lead 
that is attached to the top side of the piezoelectric transducer within the fluid chamber. 
The entire test section assembly is mounted to an aluminum support plate, which is 
positioned on a three-axis stage so that the ejector can be moved to a desired location 
during visualization. 
A cutaway schematic representing the ejector test section during device operation 
is shown in Figure F.5. The cross-sectional view clearly illustrates the piston-in-cylinder 
design. The pocket located behind the piezoelectric transducer and the electrical leads 
connected to the front and back sides of the transducer are visible. Figure 4.5 also shows 
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the fluid-loaded chamber surrounding the ejector sandwich structure along with the fluid 
inlet and outlet. 
The assembled test fixture is shown in the experimental setup during visualization 
in Figure F.6. As seen in the figure, the microscope lens of the CCD camera is oriented at 
an angle of 20° to the surface of the ejector plate during image acquisition. The 
 
 




Figure F.6. Assembled test section positioned in the experimental setup. 
ultrabright LED is positioned so that ejected droplets/jets are backlit. Even though 
ejection is easily seen with the naked eye, it is difficult to locate the exact position of an 
active orifice. The tip of the alignment needle is located at the focal point of the 
microscope lens so that if the stage is positioned to align an active orifice with this 
needle, the droplets/jets are easily found within the field of view of the microscope. 
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APPENDIX G   
SPECIFICS OF THE FLUENT IMPLEMENTATION 
 
Implementation of the volume of fluid (VOF) method in Fluent72 requires careful 
consideration of how the selection of the primary and secondary phases will affect the 
problem setup and solution. Since the nozzle is initially filled with liquid, i.e., a liquid 
volume fraction of 1 is “patched” on the cells in the portion of the domain representing 
the nozzle, it is convenient to select the liquid as the secondary phase. The advection 
equation (Equation 19 of Chapter 5) then solves for the volume fraction C of the 
secondary (liquid) phase, and the primary (gas) phase volume fraction is found by 
subtracting computed values of C from 1. The momentum equation (Equation 21 of 
Chapter 5), which is dependent on the volume fraction of both phases through the 
volume-fraction-averaged density ρ and viscosity µ, is used to solve for the velocity field 
in both fluids. Specifically, Fluent72 solves the governing equations (Equations (19)–(22) 
of Chapter 5) sequentially using a two-dimensional, double-precision segregated solver. 
The solution technique requires iteration of the following steps: 
1. The current solution or the initial conditions are used to update the fluid 
properties. 
2. The current values of the pressure are substituted into the momentum equation to 
solve for the updated velocity field. 
3. The updated velocity field does not necessarily satisfy the continuity equation so a 
pressure-correction equation, which is derived from the continuity equation, is 
used to obtain corrections to the pressure and velocity fields and the face mass 
 171 
fluxes. Fluent72 recommends that the Pressure-Implicit with Splitting of Operators 
(PISO) pressure-velocity coupling scheme, which is based on the Semi-Implicit 
Method for Pressure-Linked Equations (SIMPLE) family of algorithms, be used 
for transient VOF problems. 
4. The volume fraction advection equation is used to update the location of the 
interface between the liquid and gas. For transient VOF calculations, this equation 
is solved using an explicit time-marching scheme. Fluent automatically 
determines the time step used in the explicit scheme to ensure solution stability; 
however, adjustment of the maximum allowable Courant number near the 
interface can be used to influence the calculation of this time step. This Courant 
number is defined as the ratio of the time step to the characteristic time of transit 
for a fluid element across a control volume, which is equal to the volume of a cell 
divided by the sum of the outgoing fluxes. 
5. The system of equations is checked for convergence, and if not achieved, the 
iterative process is repeated starting at step 1. 
Fluent72 makes several suggestions for improving the accuracy and convergence 
of VOF solutions. In addition to recommending that the PISO method be used for 
pressure-velocity coupling, it is also recommended that the PREssure STaggering Option 
(PRESTO!) pressure interpolation scheme be used to compute the cell face pressure. In 
general, the PISO algorithm allows all under-relaxation factors except for that for the 
pressure to be increased to 1 to increase the rate of convergence; however, for the VOF 
implementation discussed here, all under-relaxation factors except for that for momentum 
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